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FOREWORD 
The I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied Systems A n a l y s i s  i s  a  
nongovernmental,  m u l t i d i s c i p l i n a r y ,  i n t e r n a t i o n a l  r e s e a r c h  in-  
s t i t u t i o n  whose g o a l  i s  t o  b r i n g  t o g e t h e r  s c i e n t i s t s  from around 
t h e  world  t o  work on problems o f  common i n t e r e s t .  
IIASA pursues  t h i s  g o a l ,  n o t  o n l y  by p u r s u i n g  a  r e s e a r c h  program 
a t  t h e  I n s t i t u t e  i n  c o l l a b o r a t i o n  w i t h  many o t h e r  i n s t i t u t i o n s ,  
b u t  a l s o  by h o l d i n g  a  wide v a r i e t y  of s c i e n t i f i c  and t e c h n i c a l  
meet ings .  O f t e n  t h e  i n t e r e s t  i n  t h e s e  mee t ings  e x t e n d s  beyond 
t h e  concerns  o f  t h e  p a r t i c i p a n t s ,  and p roceed ings  a r e  i s s u e d .  
C a r e f u l l y  e d i t e d  and reviewed proceed ings  o c c a s i o n a l l y  appear  
i n  t h e  I n t e r n a t i o n a l  S e r i e s  on Appl ied Systems A n a l y s i s  (pub- 
l i s h e d  by John Wiley and Sons L imi ted ,  C h i c h e s t e r ,  England) ;  
e d i t e d  p roceed ings  appear  i n  t h e  IIASA Proceed ings  S e r i e s  (pub- 
l i s h e d  by Pergamon P r e s s  L imi ted ,  Oxford, England) .  
When r e l a t i v e l y  q u i c k  p u b l i c a t i o n  i s  d e s i r e d ,  u n e d i t e d  and o n l y  
l i g h t l y  reviewed proceed ings  reproduced from m a n u s c r i p t s  provided 
by t h e  a u t h o r s  o f  t h e  p a p e r s  a p p e a r  i n  t h i s  new IIASA C o l l a b o r a t i v e  
Proceedings  S e r i e s .  Volumes i n  t h i s  series a r e  a v a i l a b l e  from 
t h e  I n s t i t u t e  a t  moderate  c o s t .  

PREFACE 
With t h e  i n c r e a s i n g  number o f  m u l t i p l e  s t o r a g e  r e s e r v o i r s  b e i n g  
b u i l t ,  sys tems a n a l y s i s  i s  g a i n i n g  importance i n  p l a n n i n g  and 
o p e r a t i n g  such  p r o j e c t s .  I t  i s  r a t h e r  seldom, however, t h a t  
t h e i r  o p e r a t i o n  is  g i v e n  s u f f i c i e n t  emphasis a t  t h e  numerous 
c o n f e r e n c e s  on w a t e r  r e s o u r c e  systems.  T h e r e f o r e ,  t h e  Resources  
and Environment Area o f  t h e  I n t e r n a t i o n a l  I n s t i t u t e  f o r  Appl ied 
Systems A n a l y s i s  (IIASA), t h e  Committee on Water Resources  o f  
t h e  P o l i s h  Academy o f  S c i e n c e s  (KGW-PAN), and t h e  I n s t i t u t e  o f  
Meteorology and Water Yanagement ( I G W ) ,  Warsaw, Po land ,  d e c i d e d  
t o  c o o p e r a t e  i n  t h e  o r g a n i z a t i o n  o f  t h e  i n t e r n a t i o n a l  workshop 
on t h e  O p e r a t i o n  o f  M u l t i p l e  R e s e r v o i r  Systems. 
The purpose  o f  t h e  workshop was t o  d i s c u s s ,  compare and e v a l u a t e  
v a r i o u s  methods o f  o p e r a t i n g ,  and d e t e r m i n i n g  o p e r a t i n g  p o l i c i e s  
f o r  mul t i -purpose ,  m u l t i p l e  r e s e r v o i r  sys tems .  While t o t a l  r e s -  
e r v o i r  c a p a c i t i e s  a r e  known, t h e  a l l o c a t i o n  o f  v a r i o u s  s t o r a g e  
volume zones  w i t h i n  t h e  r e s e r v o i r s  t o  v a r i o u s  purposes ,  such a s  
w a t e r  s u p p l y  o r  f l o o d  c o n t r o l ,  may v a r y  i n  t i m e  and be  dependent  
on r e s e r v o i r  o p e r a t i n g  p o l i c y .  I n  t h e  g u i d e l i n e s  f o r  p r e p a r a t i o n  
o f  t h e  workshop p a p e r s ,  it was s t r e s s e d  t h a t  d i s c u s s i o n  shou ld  
c o v e r  r e s e r v o i r  o p e r a t i o n  f o r  a l l  p o s s i b l e  h y d r o l o g i c a l  s i t u a t i o n s ,  
i - e . ,  i n  p e r i o d s  o f  f l o o d ,  normal f low,  and d r o u g h t  c o n d i t i o n s .  
The impor tance  o f  p rocedures  used t o  d e t e r m i n e  when a n  extreme 
s i t u a t i o n ,  ( such  a s  d r o u g h t ) ,  b e g i n s  and e n d s ,  was emphasized, 
e s p e c i a l l y  w i t h  r e s p e c t  t o  p o s s i b l e  changes  i n  r e s e r v o i r  opera-  
t i o n .  The workshop p a r t i c i p a n t s  were r e q u e s t e d  t o  d i s c u s s  how 
o p e r a t i n g  p o l i c i e s  might d i f f e r ,  depending on whe ther  t h e  reser- 
v o i r s  a r e  i n  s e r i e s  o r  a r e  p a r a l l e l .  Also ,  t h e y  were r e q u e s t e d  
t o  d i s t i n g u i s h  betwee o p e r a t i o n  o f  " l a r g e "  over -year  s t o r a g e  
r e s e r v o i r s  and " s m a l l "  w i t h i n - y e a r  s t o r a g e  r e s e r v o i r s .  I f  s h o r t -  
term h y d r o l o g i c  f o r e c a s t i n g  and r e a l - t i m e  c o n t r o l  models were t o  
be  used,  t h e  workshop d i s c u s s i o n  would c o n s i d e r  how t h e s e  c o u l d  
b e  used t o g e t h e r  w i t h  long-term o p e r a t i n g  p o l i c i e s .  
The workshop was h e l d  i n  Jodzowy Dwor, Poland,  from May 28 t o  
June  1 ,  1979. Some 30 p a r t i c i p a n t s  from 13 c o u n t r i e s  p r e s e n t e d  
17 p a p e r s ,  a l l  o f  which a r e  inc luded  i n  t h e s e  Proceed ings .  The 
f i r s t  n i n e  o f  them p r o v i d e  an overview o f  how m u l t i p l e  r e s e r v o i r  
sys tems a r e  o p e r a t e d  i n  c e r t a i n  c o u n t r i e s .  The remaining p a p e r s  
r e p o r t  i n  g r e a t e r  d e t a i l  on d i v e r s e  c a s e  s t u d i e s  and p r o v i d e  d i s -  
c u s s i o n  o f  some s p e c i f i c  i s s u e s  r e l a t e d  t o  t h e  s u b j e c t  o f  t h e  
workshop. 
The p r e s e n t a t i o n s  s t i m u l a t e d  l i v e l y  d i s c u s s i o n s  on  a  whole range  
o f  t o p i c s ,  i n c l u d i n g  t h e  n a t u r e  o f  i n t e r a c t i o n  between sys tem 
a n a l y s t s  and d e c i s i o n  makers i n  a  m u l t i p l e  r e s e r v o i r  sys tem,  in-  
s t i t u t i o n a l  a s p e c t s  o f  t h e  decis ion-making p r o c e s s ,  methods and 
models t h a t  may be used f o r  o p e r a t i o n  o f  m u l t i p l e  r e s e r v o i r  sys -  
tems, and f i n a l l y ,  a s sessment  o f  f u r t h e r  r e s e a r c h  needs  i n  t h i s  
f i e l d .  A summary o f  t h e  d i s c u s s i o n  and c o n c l u s i o n s  i s  p r e s e n t e d  
a t  t h e  end o f  t h e s e  Proceed ings .  
The f u t u r e  work of  IIASA, KGV7-PAN, and IMGW w i l l  draw on t h e  
informat ion  exchange i n  Jodzowy Dwor. However, t h e  va lue  o f  
t h e  workshop extends beyond t h e  work of  t h e  sponsors  t o  t h a t  
of t h e  i n t e r n a t i o n a l  water  r e sources  community a t  l a r g e .  It  
i s  f o r  t h i s  reason t h a t  t h e s e  Proceedings have been assembled. 
It  i s  hoped t h a t  t h i s  p u b l i c a t i o n  w i l l  f i n d  d i r e c t  a p p l i c a t i o n  
i n  r e s e r v o i r  s t u d i e s  undertaken i n  va r ious  c o u n t r i e s ,  and t h a t  
it w i l l  s t i m u l a t e  a d d i t i o n a l  r e sea rch  on t h e  s u b j e c t .  
2 .  Kacmarek 
J. Kindler  
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MULTIPLE-RESERVOIR OPERATION IN NORTH AMERICA 
D a n i e l  P. ~ o u c k s '  
O s k a r  T. ~ i g v a l d a s o n '  
' c o r n e l l  U n i v e r s i t y ,  New York ,  USA 
' ~ c r e s  C o n s u l t i n g  S e r v i c e s  L i m i t e d ,  O n t a r i o ,  Canada 
INTRODUCTION 
This paper focuses on the operation of multiple-purpose multiple- 
reservoir systems in North America. Our discussion of multiple-reservoir 
operation i s  divided into threp parts. The f i r s t  i s  a description of 
the principles and procedures current1 y used to operate mu1 t ip le  reser- 
voirs in various river basins or regions. The second part describes the 
methods of analysis used and proposed for use for mu1 tiple-reservoir 
operation. The paper will conclude with some examples of a few existing 
mu1 t ip le  reservoir systems in Canada and the U . S . ,  and their operating 
policies. 
The operation of most multiple-reservoir systems in North America 
reflects the fact  that there are sometimes conflicting and sometimes 
complementary multiple purposes served by the water stored in and released 
from reservoirs. These purposes can include: 
a )  Water Supp1.y f o r  municipal, indust r ia l  and agr icul tura l  ( i r r i -  
gation) needs from lakes and streams. 
b) Water Qua l i ty  Improvement by releasing water of higher qual i ty  
upstream t o  d i l u t e  and t ranspor t  downstream wastes. 
c )  Flood Control through the  provision of avai lable  storage 
capacity during periods when floods a r e  possible and mximum 
use of domstream channel capacit ies during periods of high run- 
off t o  reduce the  l i  kel ihood of flood damage. 
d )  Hydropower Production by operating reservoirs  so as t o  minimize 
loss  of energy and meet energy and power requirements. 
e )  Navigation by insuring su f f i c i en t  depth of water in navigation 
channels and su f f i c i en t  water supply f o r  lockages. 
f )  Recreation, whose benef i t s ,  while sometimes d i f f i c u l t  t o  quantify 
in monetary terms, a r e  nonetheless often present i f  appropriate 
pool levels  and l imi t s  on level f luc tuat ions  a re  maintained. 
g )  Fish and Wildlife Enhancement through the maintenance of 
des i rable  pool levels  or  flows during c r i t i c a l  periods in the  
year f o r  greater  f i s h  and wi ld l i f e  production and f i shing and 
hunting benefits. 
Assuming t h a t  i t  i s  possible t o  define ideal storage levels  and 
downstream releases and/or diversions f o r  every day, week or  month 
throughout the year ( i  .e. assuming there  e x i s t s  a s e t  of storage and 
re lease  values tha t  best s a t i s f i e s  a l l  water users) ,  reservoir  operating 
procedures a re  needed and used to guide operators when i t  i s  not possible 
t o  sa t i s fy  these ideal conditions. Reservoir operating pol i c i e s  used in 
North America usually include a definition of ideal conditions (with 
regard to  storage levels, or releases, or both) and some guidelines 
for operation when these ideal conditions cannot be maintained, i.e. 
for non-ideal conditions. 
Ideal storage volumes or levels in individual reservoirs are 
typically defined by "rule curves." When conditions are not ideal, 
operating policies or "rules of system operation" define what should be 
done for various combinations of system states  and hydrologic conditions. 
Together, rule curves and rules of system operation define desired storage 
volumes or levels, reservoir releases, and diversion quantities. Ideal 
storage volumes or levels usually vary throughout the year, b u t  do n o t  
vary from year to year. Similarly, releases or diversions are also 
expressed as functions of the time of year as well as the storage con- 
dition of upstream reservoirs. These functions or rule curves apply to 
reservoirs that are in a stationary s ta te  (in a probabilistic sense) and 
that are being operated under the same policy from one year to the next. 
The purpose of operating policies is  to distribute any necessary deviations 
fran ideal conditions in a manner that sa t i s f ies  mandated laws or regula- 
tions and/or that minimizes the total perceived discomfort or hardship to  
a l l  water users in the system. 
There i s  a variety of operating policies in use a t  the present 
time. These operating policies vary from those that only define each 
reservoir's ideal pool level,  or target level (and provide no information 
or guidanc? on what to do i f  maintaining those levels becomes impractical 
or impossible), to those that define very precisely how much water to 
withdraw o r  r e l e a se  a t  every cont ro l  s t r u c t u r e  f o r  a l l  poss ib le  combina- 
t i o n s  of hydrologic and r e se rvo i r  s to rage  condit ions.  The next sec t ion  
w i l l  review t h e  pr inc ipa l  types of opera t ing  p o l i c i e s  cu r r en t l y  in  use. 
OPF.ATING POLICIES 
Before reviewing various types o f  opera t ing  p o l i c i e s  f o r  the  opera- 
t i o n  of mu l t i p l e  r e s e r vo i r s  designed t o  se rve  mul t ip le  purposes, some 
d iscuss ion  of s i ng l e  purpose m u l t i p l e r e s e r v o i r  opera t ion  may be he lpfu l .  
Consider t h e  single-purpose of providing a r e l i a b l e  source of water. 
Throughout North America numerous such single-purpose r e se rvo i r  systems 
e x i s t .  These systems a r e  genera l ly  operated by municipal water  supply 
agencies. For such systems various opera t ing  p o l i c i e s  expressed in  terms 
of r e l e a se  r a t e s  have been devised t o  minimize water  wastage. These 
p o l i c i e s  d i f f e r  depending on whether the  r e s e rvo i r s  a r e  i n  pa r a l l e l  o r  i n  
s e r i e s ,  a s  i l l u s t r a t e d  by Figure 1 . 
For sing1 *purpose water supply r e se rvo i r s ,  the  f o l  lowing simple 
opera t ing  r u l e s  have general 1 y been adopted: 
1. Reservoirs  in S e r i e s  - For such systems t h e  downstream r e se r -  
v o i r s  a r e  depleted before using upstream r e se rvo i r  water  t o  meet down- 
stream demands. In Figure l a ,  t h i s  would mean t h a t  t h e  upstream r e s e r v o i r  
(R1) would not be drawn down t o  meet d ivers ions  D2 and D3 u n t i l  t h e  down- 
stream r e se r vo i r  (R2) was empty. This  procedure ensures maximum use of  
ava i l ab l e  s torage  and t h a t  no unnecessary lower r e s e rvo i r  s p i l l i n g  wi l l  
R E S E R V O I R  R2 - D I V E R S I O N  D2 
1 - D I V E R S I O N  03 
( a )  R E S E R V O I R S  IN S E R I E S  
- D I V E R S I O N  D3 
(b) R E S E R V O l R S  IN P A R A L L E L  
FIGURE 1. TYPES OF MULTI-RESERVCIR CCNFICURATIONS 
2 .  Reservoirs in Parallel  - Two procedures are  conimonly used. One 
involves discharging water f i r s t  from reservoirs  with r e l a t ive ly  larger  
drainage areas (or  potential inflows) per un i t  storage volume capacity. In 
Figure l b ,  the drainage area t o  storage volume capacity r a t ios  f o r  the two 
para l le l  reservoirs are compared. The reservoir  with the larger  r a t i o  i s  
used t o  supply diversion D3 before the other reservoir  i s  drawn down. This 
procedure i s  valid only when the runoff per unit  area i s  e s sen t i a l ly  the  
same in each reservoir ' s  watershed. Discharging water f i r s t  from the 
reservoir  having' the larges t  drainage area t o  storage volume capacity r a t i o  
will  usually r e s u l t  in a reasonable conservation of water. Another, and 
more precise,  procedure involves drawing in tandem from each reservoir  in a 
manner t h a t  equalizes the probabil i ty of reservoir  f i l l i n g  f o r  each reservoir .  
This requires monitoring storage volumes and estimating fu ture  inflows. 
Such a policy minimizes expected water wastage. 
' For multiple-purpose reservoirs ,  or f o r  single-purpose reservoirs  
involving recreation or  hydropower, operating pol i c i e s  and associated ru le  
curves comonly define the desired storage volumes and discharges a t  any 
time of the year as a function of exis t ing  s t o r a ~ e  volumes, the time of 
the  year ,  demand fo r  water or  hydropower, and possibly the expected 
inflows. Such operating pol ic ies  may include one or  more of four general 
components. 
1. Target Storaqe Levels or Volumes 
These operating ru les  are  limited t o  a prescription of the  
desired storage volumes or  levels  in each reservoir .  Reservoir operators 
are  expected t o  maintain these levels  as closely a s  possible while 
generally trying to  sat isfy various water needs downstream. If the 
reservoir storage levels are  above the target or desired levels,  the 
release rates are increased. Conversely, i f  the levels are below target 
levels, the release rates are decreased. These release rates  may or may 
not be specified b u t  will depend in part on any maxirmun or m i n i m u m  flow 
requirements and on the expected inflow. 
Figure 2 i l lus t ra tes  a typical rule curve. The desired storage 
levels may be based on a compromise among recreational, f i sh  and wild- 
1 i fe ,  flood control, hydropower and water supply interests.  They are most 
often based on historical operating practice and experience sometimes 
supplemented by the resul t s  of simulation studies. Having 'only these 
carget volumes or levels for each reservoir, the reservoir operator has 
considerable f lex ib i l i ty  in day-to-day operation w i t h  respect t o  the 
appropriate trade-off among storage volumes and discharge deviations from 
ideal conditions, and on deciding from which reservoirs to  withdraw water 
in order to  meet downstream flow demands. Operating policies that  are 
defined only by rule curves indicating ideal storage levels or volumes 
require experienced operators that  have developed good judgment on how 
to minimize, over time and space, necessary storage volume and discharge 
deviations. 
2. Multiple Zoning 
Operation rules are often defined t o  include not only storage 
taraet levels, b u t  also various storage a1 location zones. For example, 
the following five zones might be considered: 
J F M A M J J A  S O N D  
T I M E  OF YEAR 
F I G U R E  2 ,  RULE CURVE D E F I N I N G  I D E A L  STORAGE POOL L E V E L  
(a)  Conservation Zone - the zone of storage from which various 
water-based needs are satisfied. Water levels within th i s  
zone are generally satisfactory for recreational and environ- 
mental needs. The ideal storage volume or level i s  nonnally 
located within t h l s  zone. 
(b) Flood Control Zone - a reserve for  storing large inflows 
durlng periods of abnormally high runoff. Uhen storage volumes 
are within t h i s  zone, downstream flows are increased temporarily 
to pass excess water o u t  of the reservoir as quickly as possible. 
- (c )  Spill or Surcharge Zone - the storage above the flood control 
zone associated with actual flood damage. Reservoir releases 
are usually a t  or near the i r  maximum when the storage volume i s  
within t h i s  zone. 
(d) Buffer Zone - a reservoir beneath the conservation zone entered 
only in abnormally dry periods. Uhen storage volumes are 
within t h i s  zone, downstream flows are decreased temporarily 
t o  sat isfy essential needs only. 
(e)  Inactive Zone - the "dead" storage beneath the buffer zone which 
would, i f  possible, be entered only under extremely dry conditions. 
Reservoir withdrawals may or  may not be possible, and i f  so, 
the withdrawals are an absolute minimum. Dead storage in excess 
of that below the s i l l  of the water outlet structure may be 
required during some or al l  of the year to  meet legal or inst i -  
tutional constraints. 
Figures 3 and 4 illustrate such zones, which may vary throughout 
the year. The flood control zone is above curve B. If the storage 
level is in the flood control zone, the rule may provide for the maximum 
possible release if the storage level is above curve A, and the maximum release 
possible without causing flood damage when the storage level is between 
curve A and curve 0. Reservoirs would be kept at or below curve B when- 
ever possible for flood control purposes. Clearly if the need for flood 
control storage capacity varies throughout the year, the volume of flood 
control storage capacity should also vary, as is i 1 lustrated in Figure 4 . 
Likewise, reservoir zones may dictate curtailing or reducing the 
allocation to lower priority uses when the storage volume falls below 
a specified level. Curve C of Figure 4 shows that storage level below 
which allocations to only critical or high priority uses would be main- 
tained. Even further restrictions would be required if the storage level 
or volume were to fa1 1 below curve D in Figure 4 .  
Figure 5 illustrates the combination of zones and rule curve levels 
that may define the operating policy of each reservoir in a mrltiple- 
reservoir system. 
These reservoir operating policies permit some flexibility in 
multiple+eservoir operation. To assist operators of multiple-reservoir 
systems, similar curves defining different release zones have been derived 
for groups of reservoirs. These multiple reservoir-system rules, 
together with the individual reservoir rules, offer additional guidance 
to those responsible for multiple-reservoir operation. 
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FIGURE 5 ,  ZONES AND RULE CURVE FOR A TYPICAL RESERVOIR 
A further aid in multiple-reservoir operation i s  provided by 
identifying multiple subzones within the conservation zone. Figure 6 
i l lus t ra tes  such multiple subzones or levels. The volume within these 
levels can vary in magnitude, a t  a given time and over time. Their main 
purpose i s  for multi-reservoir storage-level balancing. 
Using the zoning concept for reservoir operation, a1 1 resewoi r 
storage volumes should be maintained in the same zone or subzone to the 
maximum extent possible. There are three basic concepts for  such balancing 
of reservoir storage volumes. The f i r s t  concept i s  based on keeping a l l  
reservoirs a t  their  same zonal position, i.e. a t  a level where the per- 
centage f i l l i ng  of the zone i s  equal for  a l l  reservoirs. This i s  sometimes 
referred to  as the "equal function" policy. The second concept i s  based 
on a reservoir ranking or prfority concept. The ent i re  zone of the lowest rank- 
ing reservoir i s  util ized fully before starting on the next lowest rank- 
ing reservoir, and so on. The third concept i s  based on a "storage 1a-g" 
policy. Withdrawals from the zones of some reservoirs are begun before 
withdrawals are begun from the same zones of other reservoirs. After a 
certain volume has been released from the in i t i a l  group of reservoirs, 
releases are made from al l  reservoirs, maintaining the percentage 
difference of available zone volume. This policy i s  often used to  provide 
a readily available reserve of water in case corrections in inter- 
reservoir balancing are needed a f te r  an unexpected or extreme hydrologic 
event. 
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FIGURE 6 ,  RESERVOIR STORAGE ZONES SiiOWING CONSER'IATION ZONE 
WITH AND WITHOUT M U L T I P L E  SUBZONES 
Operating p o l i c i e s  t h a t  a r e  defined by s t o r a g e  zones and assoc ia ted  
r e l e a s e  r a t e s  and balancing procedures a r e  much more p r e s c r i p t i v e  than 
p o l i c i e s  defined only by r e s e r v o i r  r u l e  curves. Wfth only r u l e  curves,  
t h e  opera tors  have s u b s t a n t i a l  l a t i t u d e  and must use much more judgment 
i n  t h e  operat ion of  m u l t i p l ~ e s e r v o i r  systems. Operat ional  planning 
s t u d f e s  a r e  o r fen ted  toward reducing t h i s  l a t f t u d e  by d e f i n i n g  more pre- 
sc r f  p t i v e  p o l i c i e s  t h a t  wi 11 i n c r e a s e  t h e  1 f kel ihood t h a t  a system wf 11 
be operated as  opt imally a s  poss ib le .  
3.  F1 w Ranginq 
This  component o f  an opera t ing  po l icy  provides a more pre- 
s c r i p t f  ve re1 a t ionsh ip  between r e s e r v o i r  l e v e l s  and channel flows. The 
r e s e r v o i r  r e l e a s e  and/or d ivers ion  depends on which subzone o r  zone t h e  
s t o r a g e  volume is in .  Instead of a poss ib ly  l a r g e  reduc t ion  i n  t h e  d i s -  
charge from a r e s e r v o i r  when i ts s t o r a g e  volume f a l l s  from t h e  conservatfon 
zone t o  t h e  buf fe r  zone, a sequence o f  smal le r  reduc t ions  can be s p e c i f i e d ,  
a s  the  s t o r a g e  volume fa1 1 s  i n t o  p rogress ive ly  lower subzones o r  l e v e l s .  
In addf t ion ,  flow ranges f o r  t h e  ind iv idua l  channels  downstream 
of  t h e  r e s e r v o i r s  can be def ined  a s  a func t ion  of  upstream s torage  volume. 
As shown in Figure 7 , t h r e e  such zones can be i d e n t i f f e d :  
( a )  Normal Flow Ranqe - a flow range which can be considered idea l  
and t h a t  would be expected a s  long a s  a l l  t h e  upstream r e s e r -  
v o i r  s to rage  volumes were wi th in  t h e i r  r e s p e c t i v e  conservat ion 
zones. 
( b )  Extended Range - the  enlarged range of f lows t h a t  could be 
u t i l i z e d  i f  one o r  more upstream s torage  volumes were in  e i t h e r  
t h e  flood control  o r  b u f f e r  zones. 
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(c)  Extreme Ranqe - the further enlarged range of flow t h a t  could 
occur i f  one or more upstream storage volumes were in ei ther  
the spi l l  or inactive zones. 
These flow ranges can be time-dependent, as can be the reservoir sub- 
zones. 
Given both multiple zoning for  storage volumes and flow ranging for  
channel flows, there i s  less need for  operator judgment when balancing 
reservoir levels with channel flows and keeping within the restr ic t ions 
imposed by these zones or  levels and flow ranges. 
4. Conditional Rule Curves 
In some cases conditional rules have been defined for  multiple- 
reservoir systems. These policies define reservoir releases not only as 
a function of the existing storage volumes and time of year, b u t  also as 
a function of the expected natural inflows into the reservoirs for some 
prespecified time period in the future. Such policies can be described 
as functions. in tabular fonn, or as a diagram. Figure 8 i l lus t ra tes  
some conditional flood storage capacity zones, depending on the winter 
snow depth or on the recent precipitation record prior t o  a possible 
flood period. While approximate methods for determining these conditional 
rules exis t  [7 1, research continues towards finding improved methods for  
defining conditional operating policies for  multiple-reservoir systems. 
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In addition to t h e  four general components of operatlng policies 
and their modifications as discussed above, there is also the use of 
computer programs developed to be run each time a new release decision 
is to be made, as an aid to those responsible for multiple-reservoir 
operation [63,72]. Input data for these programs usually include flow 
forecasts, the current state of the reservoir system, the system operating 
pol I d e s ,  and appropriate objective functions for reservoir operation. 
The program output includes computed releases at each reservoir site or 
control structure that will best satisfy the prescribed operating objec- 
tives. When revised estimates of future inflows, storage vol wnes, and 
possibly economic environmental or ecological parameters are obtained, the 
program is rerun to obtain new estimates of appropriate reservoir releases, 
and their respective impacts. This process can be repeated at regular 
intervals (daily or weekly or even hourly during flood events). 
OPERATING POLICY ANALYSES 
Over the past several decades, increasing attention has been given.to 
the use of mathenatical (si'mul ation and optimization) models for deriving 
operating policies of multi-reservoir systems. In some cases, with only small 
improvements in systen operation (for example, only 1 or 2 percent increase 
in hydropower production), millions of dollars of additional annual economic 
benefits can be realized. This appreciation has been couplnd with a sub- 
stantial research effort through the years, and has led to continuing 
developments in the conceptual thinking and the mathematical formulations 
for a variety of models. As a result. there are now available a vareity 
of methods for analyzing the operation of multi-reservoir systems used 
to satisfy collective water-based needs of river basins. 
The development of mathematical models for deriving optimal policies 
for scheduling releases for multi-reservoir systems has been much more 
difficult compared to that for single-reservoir systems. Much of the early 
developmental work was directed at translating the release from a single 
reservoir into equivalent economic benefits. Optimization or simulation 
models were then used to develop time-based patterns of releases so that the 
total of the benefits over time was maximized. Many of these early develop- 
ments were perfomed with either 1 inear progrartming (LP) or dynamic pro- 
gramning ( D P )  optimization procedures. 
These early single-reservoir operating models, however, proved to be 
both time consuming and expensive. In some cases, several hours of computer 
time were required to obtain an optimal solution, even when analyzing only 
a single reservoir. In analyzing w o  or more interconnected reservoirs, the 
problem, while easily moaeled, often proved to be virtually insoluble from 
a computational viewpoint. It is still not possible to obtain an explicit 
multiplereservoir operating policy that specifies the release that should 
be made from each reservoir as a function .of a1 the current storage vnlumcs 
in all reservoirs, b) the time period, and c) the actual nr expected natural 
inflows when cnese inflows are uncertain. Recent developnents , however, have 
indicated consider~ble prcmise in using optimization models for developing 
rule curves for system witn several reservoirs, or for inatcaring the 
releases to be rade from each reservoir oil a real-time basfs. 
When considering more than two or three  reservoirs,  i t  has bean necessary 
t o  adopt a d i f f e ren t  model ing s t r a t egy  than t h a t  used f o r  s ing le - re se r*~o i r  
systems. Most of the  work t o  date has focussed on the  use of simulation 
models, but limited use has a l s o  been made of optimization models f o r  estimat- 
ing pol ic ies  which can then be more accurately evaluated using simulation. 
Since simulation models do not define the optimum policy o r  procedure t o  be 
used d i r ec t ly ,  i t  i s  necessary t o  use a tr ial-and-error procedure t o  search 
f o r  an optimal o r  near optimal solution.  To acheive this, i t  may be neces- 
sary  t o  perform a large number of simulation runs -- which.can of course 
be computational l y  expensive. 
Simulation models, however, have cer ta in  o ther  advantages. They usually 
permit more deta i led  representation of d i f f e ren t  parts  of the systeq (such 
as  deta i led  responses of individual reservoirs and channels o r  the  e f fec t s  
of cer ta in  time-varying phenomena). They a lso  a1 low added f l ex ib i l  i t y  in 
deriving responses which cannot always be readi ly  defined in economic terms 
( recreational benef i t s ,  preservation of f i sh  and wildi i f e ,  e tc . ) .  Finally,  
they provide an ef fec t ive  focus f o r  dialogue with system operators ( the  ideas 
inherent in simulation modeling can usually be understood ra re  eas i ly  than 
the  ideas in optimization modeling). 
To provide a brief  state-of-the-art  overview of various modeling 
s t r a t eg ies  which are  being used t o  define pol ic ies  and procedures fo r  
scheduling releases from multi-reservoir systems, the models have been 
separated in to  three general groups: 
- optimization models fo r  s ingle  reservoirs;  
- optimization model s fo r  mu1 t i  -reservoi r Systems; 
- simulation models. 
These will be discussed in turn.  
Single-Reservoir  Optimization Models 
The e a r l y  concepts  f o r  def in ing  r e s e r v o i r  r e l e a s e s  were based on 
a d a p t a t i o n s  of  inventory theory. The i n i t i a l  connect ion was developed 
by L i t t l e  [371 i n  1955, who used a DP approach t o  develop an opera t ing  pol i c y  
f o r  minimizing power production c o s t s . i n  a mixed hydroelectr ic- thermal  
system. ManneF3 1 showed t h a t  LP could a l s o  be adapted t o  inventory problems, 
La te r ,  he showed how t h i s  method could be used f o r  d e r i v i n g  r e s e r v o i r  
r e l e a s e  p o l i c i e s  i n  which the supply is uncertain.  He represen ted  time a s  
a s e r i e s  of ind iv idua l  time i n t e r v a l s  and then considered t h e  r e l e a s e  in  
each period t o  be a func t ion  of s t o r a g e  a t  t h e  s t a r t  of t h e  per iod  andof  average 
inf low r a t e  during t h e  period [44]. In 1961 , Thomas and Watermeyer [69 1 
used a s l i g h t l y  d i f f e r e n t  approach, bu t  again used LP t o  s o l v e  t h e  same 
problem. They assumed t h a t  inflows had known p r o b d b i l i t y  d i s t r i b u t i o n s ,  bu t  
were independent o r  s e r i a l  ly-correl  a t e d  random events  [711. Others adopted 
t h e  Tncmas and Watemeyer approach in p r i n c i p l e  and c a r r i e d  o u t  more 
d e t a i l e d  i n v e s t i s a t i o n s  [14,25,38]. 
In p a r a l l e l  wi th  developing t h e  use of LP models f o r  d e f i n i n g  optimal 
r e l e a s e  p o l i c i e s ,  o t h e r  techniques were being pursued. In 1962, Bather  [4] 
developed an approach based on t h e  use of DP. Falkson Dl ] a l s o  developed 
an approach which i s  based on t h e  coirbined use of LP and DP and i s  r e f e r r e d  
t o  a s  the  "po l icy  i t e r a t i o n "  approach. In 1963, Euras [ lo ]  used DP f o r  
scheduling r e l e a s e s  from a combined rese rvo i r -aqui fe r  SyStSn. 
All t h e  models descr ibed  above can be c l a s s i f i e d  a s  being " e x p l i c i t  
s t o c h a s t i c  models," i . e . ,  they use p r o b a b i l i t y  d i s t r i b u t i o n s  of inflow 
d i r e c t l y  i n  der iv ing  optinral r e l e a s e  p o l i c i e s  p 4 1 .  
Despite the various techniques which were developed, many of the 
models proved to be very expensive from a computational viewpoint. In 
their 1970 paper, for example, Gablinger and Loucks [25] showed that a 
single reservoir operating problem in the northeastern U. S., if solved 
using LP, required approximately 2,000 equations, 15,000 variables, and 
, 
2 hours of computer time (on a 360/65 computer). Although the same 
solution would be obtained more efficiently with the use of DP, such a 
model would require more programing effort. Loucks and Fa1 kson [41] 
compared the use of stochastic LP. DP, and policy iteration methods. 
They concluded that the use of LP to determine sequential operating 
pol icies for 1 arge mu1 ti-period problems was the most expensive compu- 
tationally and that, for all practical purposes, its use was limited 
to analyzing only single-reservoir systems in which the number of 
possible dl screte stor~ge volumes, inflows and time intervals was 
relatively small. Although the other two methods were also computa- 
tionally expensive, they appeared to show more promise in applications 
to multi-reservoir systems. 
Doring the 1960's. there were a1 so developments in "implicit stochastic 
model s," i .e.. model s which optimize returns for stochastic hydro1 ogic 
sequences, but which assume that these sequences are known a priori. 
Some early developments in this area were conducted by Hall [2fl and Hall 
and Buras [281. Their models were solved using DP methods. In 1966, 
Young [73,74] extended the r e su l t s  of these e a r l i e r  investigations.  His 
approach incluaed streamflow synthesis,  determiniztic optimization (again 
with the use of DP) and regression analyses. The regression analyses were 
used to define release values in terms of storage levels  and previous inflow 
rates.  The data used f o r  the  regression analyses were derived from the 
sequence of computed responses obtained from the optimization model. 
Although Young's work was directed a t  analyzing only a s ing le  reservoir ,  
i t  was considered that  the " impl ic i t  s tochas t ic"  approach would be superior 
to  'the "expl i c i t  s tochastic" approach fo r  mu1 t i - r e se rvo i r  systems. For the  
implici t  approach, the  computational e f f o r t  in optimizction i s  d i r ec t ly  
proportional to  the number of reservoirs in the system. Computing time grows 
exponential1 y with .the expl i.ci t approach. 
There a re ,  however, cer ta in  theore t ica l  questions which s t i l l  remain 
unanswered in using the impl ic i t  approach. For example, the  form of the 
equation (what independent variables should be included and how they should 
be t r ea ted )  f o r  regression analysis i s  continually open to  question. To 
date,  there has not been any attempt to assess the e r ro r  resul t ing  from using 
an optimal operating rule derived by t h i s  process corrrpared t o  using the theo- 
r e t i c a l l y  optimum operating rule.  Furthermore, i t  may never be possible to  derive the 
theore t ica l  optimum, since even the  exp l i c i t  approach introduces e r r o r  in 
d i sc re t i z ing  the probabil i ty d is t r ibut ion.  Fcr a l l  practical  purposes, however, 
i t  i s  unlikely tha t  the use of the impl ic i t  approach would produce s ign i f i can t  
er rors  i f  usea to  derive optimal reservoir  operating p b l i i i e s .  
Multi-Reservoir Optimization Models 
Since the early development of single-reservoir optimization models, 
considerable work has been carried out in extending some of the modeling 
strategies to multi-reservoir systems. As envisaged, the amount of develop 
ment based on using the explicit  stochastic approach has been limited. In 
1968, Roefs b31 demonstrated that this  strategy led to  increasing compu- 
tational effort  as the number of reservoirs increased. One known appli- 
cation using this  method on a mu1 ti-reservoir system was performed by Schweig 
and Cole [ 54. They applied DP to a two-reservoir system and found that 
computational costs were high, even when using only very simplified sireamflow 
representations. Similar results were found by Gablinger e4 ] and Houck and Cohon LZ 1. 
Various general approaches for multi-reservoir systems have been used 
with the implicit stochastic approach. In one of the ear l ies t  developments, 
Hal 1 and Roefs k9 1 optimized the operation of the three-reservoir Orovil le- 
Thermalito power generating complex in northern California. This optimization 
was performed with DP on a specific 6-year hydrologic sequence. Although the 
approach was successful, i t  proved to be computationally expensive. 
In a related study, Parikh BO I explored the use of a strategy which he 
referred to as "linear dynamic decomposition programing." In this  approach, 
he combined the use of DP for optimizing individual reservoirs and LP for 
combining the reservoirs collective1y into an integrated optimization'model. 
The approach uses dual variables from the LP solution to constrain the DP 
solution. In  turn, the OP solution provides column vectors for the LP 
matrix. An optimal solution i s  obtained af ter  a series of iterations back 
and forth between the LP and DP portions of the model. 
Parikh used his model for analyzing two t e s t  problems: a two-reservoir. 
system for 24 months of hydrology, and a four-reservoir systern for 36 months 
of hydrology. For both problems, the solution came close t o  being optimal 
r e l a t i v e l y  qu ick ly .  However, a  s u b s t a n t i a l  nurrber of i t e r a t i o n s  was conducted 
before  f i n a l l y  reaching t h e  optimal s o l u t i o n .  Although t h e  computational 
e f f o r t  was s u b s t a n t i a l ,  i t  was n o t  p roh ib i t ive .  This  method has t h e r e f o r e  
demonstrated some p o t e n t i a l  f o r  a p p l i c a t i o n  t c  l a r g e r  systems. 
In p a r a i i e l  with t h i s  research e f f o r t .  Buras n.l 1 developed a  s i m p l i f i e d  
version of t h e  Sacramento Valley m u l t i - r e s e r v o i r  system i n  northern C a l i f o r n i a  
f o r  employing t h e  Parikh model. His model included a  four - rese rvo i r  system 
and 10 years  o f  hydrologic input .  
A f t e r  t h i s  in t roduc tory  work, severa l  modi f ica t ions  t o  t h e  model ing 
s t r a t e g y  were. c a r r i e d  out.  Hal 1  , e t  a1 . [?O ] explored t h e  p o t e n t i a l  f o r  
making t h e  Parikh made1 more e f f i c i e n t .  Ins tead  of  using dual v a r i a b l e s  f o r  
t h e  DP por t ion  of t h e  model, i t  was suggested t h a t  b e t t e r  e f f i c i e n c y  could 
be achieved by def in ing  mathematical c o n s t r a i n t s .  Th is  idea a r o s e  from t h e  
knowledge t h a t  computational time f o r  DP models reduces a s  t h e  problem becomes 
more c o n s t r a i n e d ,  up t o  a  point .  
In ano ther  modif icat ion of t h e  Parikh model, Roefs and Bodin [54] i n t r o -  
duced a d d i t i o n a l  c o n s i d e r a t i o n s  in  an a t t empt  t o  ob ta in  a  more r e a l i s t i c  
r e p r e s e n t a t i o n  of  problems i n  p rac t ice .  In p a r t i c u l a r ,  t h e s e  included t h e  
e f f e c t s  of  changes i n  hydro-e lec t r ic  energy product ion r a t e s  f o r  r e p r e s e n t a t i v e  
r e s e r v o i r  drawdown condi t ions  and nonl inear  r e l e a s e - b e n e f i t  r e l a t i o n s h i p s .  
Hhile Roefs and Bodin achieved some success  wi th  t h e i r  s t r a t e g y ,  they con- 
cluded t h a t  t h e  approach was computat ional ly expensive. For example, one 
p a r t i c u l a r  model run required approximately 20 hours o f  360/50 computer 
time before  being terminated!  
During t h e  l a t e  1960's i t  became apparent  t h a t  many o f  t h e  s t r a t e g i e s  
being oxamined were both too expensive and to!, impract ical  f o r  most problems 
i n  p r a c t i c e .  S i m p l i f i c a ~ i o n  was c l e a r l y  required.  In 1969, an i n t e r e s t i n g  
idea -- referred t o  as the " l inea r  decision" ru le  -- was proposed by ReVelle, 
Joeres and Kirby $1 1. This ru le  had been proposed e a r l i e r  by Charnes, 
Cooper and Symonds [I21 f o r  determining refinery ra tes  fo r  heating o i l s  t o  
meet s tochas t ic  weather-dependent demands. For a reservoir  system, ReVelle, 
Joeres and Kirby suggested t h a t  the reservoir  re lease ,  r t  , during a par- 
t i c u l a r  time period, t , could be related t o  the  storage,  s t  , a t  the s t a r t  
of the time period by the l i n e a r  re la t ionship  
where b t  i s  a decision variable t o  be derived by the model. This ru l e  
had the  decided advantage tha t  i t  could be t rans la ted  conveniently and 
e f f i c i e n t l y  in to  LP formulation. 
Since i t s  introduction, however, the  l i n e a r  decision ru le  has been a 
subject  of considerable controversy. Revelle and Kirby p2 ] , Joeres,  
Liebman and ReVelle [33], ;iayak and Arora [46,47], Eastman and Revel l e  [16] 
and Leclerc and Marks ;36] have modified, extended and/or applied th i s  method 
t o  reservoir  management problems. However, Ei sel  [I 71, Loucks [39], Sobel [64 ] 
and Loucks and Oorfman [42] have a11 questioned the u t i l i t y  of t h i s  model 
fo r  reservoir  management. For example, Loucks and Dorfman i42] have dercon- 
s t r a t e d  that  the use of the decision ru le  generally produces conservative 
r e su l t s ,  primarily because the imposition of the ru le  i t s e l f  represents an 
addit ional  operating const ra in t  in the system. This conciusion applies 
even t o  tne less  conservative l inea r  decision ru le  t h a t  includes the current 
inflow on the right-hand s ide  of the above equation. They suggest tha t  while 
t h i s  technique may be sui table  f o r  screening s tudies ,  i t  i s  not in i t s e l f  
s a t i s f ac to ry  fo r  deriving optimal operating policies f o r  s ing le  or  multiple 
reservoirs.  
One fu r the r  development i s  a l so  worthy of note. In para l le l  with 
developing the Texas Water Plan in the l a t e  1960's and ear ly  19701s, a 
three-phase research program was implemented f o r  developing a computer- 
oriented planning methodology f o r  use in the planning of large  multi-basin 
systems. This methodology was developed using the  Texas Water System as an 
examp 1 e. 
One of the  many models developed in t h i s  study i s  an optimization 
model ( refer red  to  as the A 1  location Model ) which uses the  "out-of-kil t e r "  
a1 gorithm [ I  9,671. This algorithm, which was developed by Ful kerson 
[ 1 5 ,  21, 231, i s  used to solve a special class of L P  problems, each of 
which can be represented as a "capacitated network," i.e., as a s e r i e s  of 
nodes and interconnecting arcs. The objective i s  expressed a s  the  minimum 
co l l ec t ive  cos t  of flows through a l l  a rc s ,  subject  t o  two types of const ra in ts .  
The f i r s t  type i s  simply the equation of continuity a t  each and every node, 
i .e . ,  t he  sum of flows in to  each node must equal the  sum of flows out of the  
node. And the second s e t  s t a t e s  tha t  every arc  flow must be between some pre- 
scribed lower and upper l imi ts .  Fortunately, many water resource problems 
can be transposed d i r ec t ly  in to  an equivalent network representation.  
Storage changes in reservoirs during individual time periods and changes in 
system operation through a szquence of time periods can a l so  be representsd 
ef fec t ively .  In the  Texas water Study, the out-of-kil ter  algorithm was used 
f o r  defining optimal operating pol ic ies  f o r  an 18-reservoir system with 42 
l inks f o r  a 36-year hydroiogic period. A1 though t h i s  approach was s t i l l  
computationaily expensive, i t  was estimatsd tha t  the ouc-of-kil ter  aygorithm 
was about 20 times f a s t e r  and required 35 times less  computer storage than 
a standard LP algorithm. 
Within the las t  several years a modeling approach, using L P ,  for de- 
fining " f i n "  yields throughout a river basin has been developed and applied 
to  several planning problems [40]. This approach lends i t s e l f  to  the estima- 
tion of the storage zones, and their  associated release restr ic t ions,  for 
each reservoir. These estimates of storage zones can la te r  be adjusted based 
on more accurate simulation studies. 
The so-called yield model uses two sets  of storage continuity equations 
for each reservoir. One se t  determines the overyear storage requirements, i f  
any, based on annual flows and one or more yields, having prespecified relia- 
b i l i t i e s ,  to  be derived from the reservoir operation. The other s e t  defines 
the within-year storage requirements. i f  any, that  are determined from the 
within-year inflow and yield distributions in a c r i t i ca l  year. Each yield 
defines a separate storage zone a t  each reservoir. The total  volume in each 
zone a t  the beginning of each within-year period i s  the sum of the required 
overyear and i n i t i a l  within-year volumes derived from the yield model. 
Figure 9 i l lus t ra tes  the use of th i s  modeling approach for  defining 
operating rules for a three-reservoir system. On an interactive computer 
graphics terminal, the three reservoir system has been "drawn in" (Figure 9a). 
and the inflows and two required yields and their  annual re l iab i l i t i es  are 
defined. Figure 9b I l lustrates  the display of a portion of the model solution, 
on the graphics terminal, in the f o n  of operating zones for one of the three 
reservoirs. The results of operating this  reservoir, along with the others, 
using these storage zones and the "historical" flows, are shown in Figure 9c. 
The model provides a f i r s t  estimate of a multi-reservoir operating policy i n  
the form of storage zones, including that for flood control, i f  applicable. 
Using interactive graphics the derived operating policy can easily be modi- 
fied and resimulated numerous times for possible improvement. 
F I G U R E  9a. A THREE-RESERVOIR O P E R A T I N G  PROBLEM FOR WHICH 
R E S E R V O I R  STORAGE ZONES ARE T O  BE D E F I N E D  AND 
THC(  S IMULATED.  
-33-  
h p u t  RULE W S  
R u n  n w k r l  1 
FIGURE 9b. RESERVOIR STORAGE ZONES FOR TWO Y I E L D S  W I T H  
D I F F E R I N G  R E L I A B I L I T I E S  DERIVED FROM AN O P T I -  
M I Z A T I O N  MD3EL FOR ONE OF THE THREE RESERVOIRS 
I N  FIGIJRE 9 a  ( P e p a c t ) .  
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F I G U R E  9c. S I M U L A T I O N  OF PEPACT RESERVOIR STORAGE VOLUMES 
OVEi l  C R I T I C A L  YEARS OF HYDROLOGIC RECORD. 
( D e r i v e d  S t o r a g e  Z o n e s  Shown i n  D o t t e d  L i n e s )  
Multi-Reservoir Simulation Models 
simulation models continue t o  be used extensively for analyzing 
water resources systems. This i s  especially true for systems with many 
reservoirs as well as for those which have nonquantifiable benefits. While 
there are I t teral ly thousands of simulatlon models being used in practice, 
five recent models are of special interest.  The f i r s t  of these t s  the 
HEC-3 model developed by the U.S. Corps of Engineers [5,70]. The purpose 
of this  model i s  to simulate the response of water resource systems 
designed to simultaneously satisfy a variety of water-based needs. This 
model i s  sufficiently flexible to  include any arbitrary configuration of 
reservoirs and channels. The algorithm searches through the system in 
the upstream to downstream direction, determining each system requirement 
in t u r n  and the amount of that requirernent to  be sat isf ied by each 
reservoir. Since individual project responses are not known until the 
ent ire  system i s  searched, i t  i s  usually necessary to  make three 
sequential searches through the ent ire  system in each time interval in 
order to  achieve the desired reservoir balancing. The model then proceeds 
to the next time interval (monthly time intervals are typical) and the 
process I s  repeated. After proceeding through a1 1 time interval s ,  
which may include several years of hydrology, simulated responses are 
appropri ate1 y sumnarized. 
One p a r t i c u l a r  development i n  HEC-3 i s  o f  spec ia l  i n t e r e s t .  While 
the  idea  o f  ma in ta in ing  time-based r u l e  curves t o  denote i d e a l  opera t ing  
l e v e l s  f o r  each of t h e  var ious r e s e r v o i r s  was r e t a i n e d ,  t h i s  was supplemented 
w i t h  t h e  idea o f  r e s e r v o i r  zoning (see F i g u r e  6a) .  Each r e s e r v o i r  would have 
a  number o f  zones ( t y p i c a l l y  about 6), w i t h  each zone r e p r e s e n t i n g  a  s p e c i f i c  
l e v e l  range. The a l g o r i t h m  was then s t r u c t u r e d  so as t o  b r i n g  a l l  t h e  
r e s e r v o i r s  t o  t h e  same zonal p o s i t l o n  4f t h e  opt imal  ( o r  r u l e  curve)  l e v e l  
c o u l d  n o t  be a t t a i n e d .  This  idea  p e r m i t t e d  cons iderab le  f l e x i b i l i t y  i n  
represen t ing  a  v a r i e t y  o f  d i f f e r e n t  opera t ing  p o l i c i e s .  These i n c l u d e d  
b o t h  r e s e r v o i r  rank ing  as w e l l  as p o l i c i e s  based on ensur ing  t h a t  d e v i a t i o n s  
f rom op t ima l  opera t ing  l e v e l s  were d i s t r i b u t e d  i n  some e q u i t a b l e  manner. 
The HEC-3 model has been used e x t e n s i v e l y  i n  p r a c t i c e .  Th is  i s  due n o t  
o n l y  t o  b o t h  t h e  general and f l e x i b l e  na tu re  o f  the  HEC-3 program, b u t  a lso  t o  
the f a c t  t h a t  t h e  model i s  we17 documented and w e l l  supported. Representat ive 
a p p l i c a t i o n s  i n c l u d e  the  Corps s tud ies  o f  t h e  M i l  l amet te  R ive r  system i n  
Oregon and the  s e r i e s  o f  opera t iona l  s tud ies  on t h e  Arkansas-Uhite-Red system 
i n  t h e  sou thern  Un i ted  Sthtes [ 6, 221. For  t h e  Arkansas-Uhi te-Red s y s t ~ m ,  one 
o f  the  more r e c e n t  represen ta t ions  cons is ted  o f  18 r e s e r v o i r s ,  15 s e r v i c e  
l o c a t i o n s  and 8 h y d r o e l e c t r i c  power p lan ts .  Water-based needs i n c l u d e d  
hydropower, nav iga t ion ,  r e c r e a t i o n  and f l o o d  c o n t r o l .  The model was used 
t o  d e r i v e  opt imal  opera t ing  p o l i c i e s  by s i m u l a t i n g  va r ious  s t r a t e g i e s  f o r  a  
21-year hydro1 o g i c  sequence. F u r t h e r  d e t a i l  wi 17 be presented 1  a t e r .  
A second model which i s  a l s o  o f  spec ia l  i n t e r e s t  i s  t h e  SIMYLD-I1 
model which was develcped i n  the research p o r t i o n  o f  the  Texas Water Study 
[681. This model i s  a  m u l t i - r e s e r v o i r  s imu la r ion  moael. I n  each 
t ime i n t e r v a l ,  however, an o p t i m i z a t i o n  submodel, usfng t h e  o u t - o f - k i l t e r  
a lgo r i thm,  i s  used t o  d e f i n e  the opt imal  o p e r a t i n g  s t ra tegy .  The o b j e c t i v e  
o f  the  submodel i s  t o  minimize system cos ts  ( g r i m a r i l y  pumping c o s t s )  i n  
each time in terval .  Policies of operation a re  represented by varying the  
l i m i t  const ra in ts  of each a r c  -- which denote e i t h e r  reservoir  releases or  
storage values. 
A t h i rd  model i s  t he  multi-reservoir  model developed f o r  the  Oswego 
system by the  New York S ta t e  Department of Environmental Conservation [651. 
This pa r t i cu la r  model i s  of i n t e r e s t  because i t  extended some of the  basic 
ideas of multi-reservoir  zoning inherent in the  U.S. Corps HEC-3 model. 
The number of zones was reduced to  four. These were referred t o  as the  
flood control ,  conservation, buffer and inact ive  zones (see Figure 6b). 
The flood control zone was used as temporary storage f o r  a l l ev ia t ing  down- 
stream flood damage during periods of excessive inflow. Similarly,  during 
periods of abnormally low inflow, the buffer zone could be used f o r  
releasing minimal flows t o  s a t i s f y  essent ia l  downstream needs only. The 
conservation zone represented the zone of nonnal operation, with the  ideal 
operating level being impl ic i t ly  positioned a t  the top of t h i s  zone. The 
inact ive  zone, positioned under the  buffer  zone, defined the  range of levels  
which a r e  usually not avai lable  f o r  regulation purposes.. The algorithm f o r  
the  Oswego simulation model was based on maintaining a l l  reservoirs a t  t he  
same zonal posit ion,  i f  ideal operating levels  could not be achieved (s imi lar  
in concept to  the  HEC-3 model). Downstream flows were adjusted in accordance 
with the  zonal posit ion of the  upstream reservoirs.  However, s ince  the model 
was designed spec i f i ca l ly  f o r  the  Oswego system, i t  cannot readi ly  be adapted 
t o  o ther  multi-reservoir  systems. 
The fourth model i s  the Acres mu1 t i - r e se rvo i r  model, which was 
i n i t i a l l y  developed fo r  exploring a l t e rna t ive  s t r a t eg ies  f o r  operating 
the Trent River Basin in Ontario, Canada ['7,2,58,62,63]. 
The algorithm f o r  t h i s  model was an adaptation and extension of the  basic 
ideas contained in a l l  three models discussed above. I t  included the cotcbined 
ru le  curve-zoning representation which was inherent in both the  HEC-3 and 
Oswego models. However, t h i s  represen ta t ion  was extended by inc lud ing  an 
addi t iona l  " s p i l l  zone" and by having t h e  r u l e  curve pos i t ioned  anywhere in  
the conservat ion zone (and no t  n e c e s s a r i l y  only a t  the  top of  t h i s  zone). 
Addit ional  f l e x i b i l i t y  was achieved by represen t ing  flows in t h e  var ious  
channels by a s e r i e s  of  flow ranges. This permit ted no t  only a balancing 
of t h e  r e l a t i v e  l e v e l s  i n  t h e  ind iv idua l  r e s e r v o i r s ,  according t o  equal func t ion ,  
p r i o r i t y  ranking o r  s t o r a g e  l a g  p o l i c f e s ,  but  a l s o  a general balancing of 
r e s e r v o i r  l e v e l s  with channel flows. 
As w i t h  t h e  SIMYLD-I1 model, t h e  Acres model used t h e  o u t - o f - k i l t e r  
op t imiza t ion  r o u t i n e  a s  a submodel f o r  achieving optimal responses dur ing  
ind iv idua l  time i n t e r v a l s .  However, i n s t e a d  of  minimizing system c o s t ,  which 
t h e  SIMYLD model d i d ,  the  o b j e c t i v e  func t ion  i n  t h e  Acres model was designed 
t o  r e f l e c t  t h e  c h i e f  o p e r a t o r ' s  optimal dec i s ion  and monitoring process  
f o r  a p a r t i c u l a r  o p e r a t i n g  pol icy.  For any given hydrologic condi t ion ,  i t  
was perceived t h a t  t h e  ope, a t o r  would minimize a c o l l e c t i v e  sum of p e n a l i i e d  
d e v i a t i o n s  from idea l  o p e r a t i n g  condi t ions  f o r  t h e  system a s  a whol*. Each 
of t h e  deviat ions,which were e i t h e r  v i o l a t i o n s  from r e s e r v o i r  r u l e  curves o r  
channel flows o u t s i d e  "normal ranges," was penal ized wi th  r e p r e s e n t a t i v e  
"pena l ty  c o e f f i c i e n t s .  " By ass ion ing  a p p r o p r i a t e  values t o  t h e  various 
penal ty c j e f f i c i e n t s ,  i t  was then p o s s i b l e  t o  reproduce t h e  system response 
which t h e  o p e r a t o r  would achieve f o r  t h e  p rescr ibed  opera t ing  po l icy  and given 
hydrologic condi t ions .  
The Acres model, which was s t r u c t u r e d  f o r  any a r b i t r a r y  conf igura t ion  
of r e s e r v o i r s  and in te rconnec t ing  channels ,  has been used a s  an a i d  in  
def in ing  r e s e r v o i r  opera t ing  p o l i c i e s  f o r  e i g h t  s e p a r a t e  r i v e r  basins .  I t  
has a l s o  been modified s l i g h t l y  and i s  now being used a s  a day-to-day opera t ing  
tool  f o r  def in ing  r e s e r v o i r  r e l e a s s s  in  t h e  Tren t  River  System in Ontar io  [63!. 
The f i f t h ,  and perhaps t h e  most c o m o n l y  used of a1 1  r e s e r v o i r  s i m u l a t i o n  
models i n  N o r t h  America,  i s  t h e  HEC-5 computer program t i t l e d  S i m u l a t i o n  o f  F l o o d  
C o n t r o l  and Conse rva t i on  Systems. T h i s  program, l i k e  HEC-3, was deve loped by  t h e  
U.S. Army Corps of Eng ineers  H y d r o l o g i c  Eng inee r i ng  Cen te r  a t  Dav is ,  C a l i f o r n i a  
[16a]. As t h e  t i t l e  suggests,  t h e  model s i m u l a t e s  t h e  o p e r a t i o n  o f  any s p a t i a l  
c o n f i g u r a t i o n  of m u l t i p l e  r e s e r v o i r s  w i t h i n  a  r i v e r  bas in ,  and can be used f o r  
s t u d y i n g  proposed o p e r a t i n g  p o l i c i e s  f o r  b o t h  c o n s e r v a t i o n  and f l o o d  c o n t r o l  purposes.  
HEC-5 o p e r a t i o n  f o r  f l o o d  c o n t r o l  i s  based on t h e  r e l e a s e  o f  w a t e r s  f r o m  t h e  
seasonal  f l o o d  s to rage  c a p a c i t y  of each ga ted  r e s e r v o i r  as q u i c k l y  as p o s s j b l e  
w i t h o u t  exceed ing c e r t a i n  p r e d e f i n e d  maximum f l o w s  t h a t  wou ld  cause f l o o d  damage 
a t  v a r i o u s  downstream s i t e s .  Where t h e  c h o i c e  of  wh i ch  d i s c h a r g e  r a t e s  s h c u l d  be 
made f rom .,/riich reservoirs, ?he d e c i s i o n  i s  based on a  p r e s p e c i f i e d  ba1znc;cg r u l s ,  
s i m i l a r  t o  t hose  used t o  ba lance c o n s e r v a t i o n  s t o r a g e  volumes i n  m u l t i p l e  r ~ s e r v o i ! , ~ .  
S t reamf low r o u t i n g  e f f e c t s  a r e  cons ide red ,  as t hey  t o g e t h e r  w i t h  t h e  d i s c h a r g e  r 2 t s s  
de te rm ine  t h e  s p a t i a l  and tempora l  d i s t r i b u t i o n s  o f  f1,ows downstream from v a r i o u s  
r e s e r v o i r s .  
The HEC-5 c o n s e r v a t i o n  o p e r a t i o n  a t t e m p t s  t o  meet a l l  downstream demznds 
w i t h o u t  w a s t i n g  wa te r .  The program t i m e  s t e p s  can be as  s h o r t  as 1  hou r  f o r  f l o o d  
c o n t r o l ,  o r  as l o n g  as  one monrn f o r  c o n s e r v a t i o n  o p e r a t i o n .  D u r i n g  f l o o d  g e r i o d s  
these  t i m e  sequences can be combined t o  c o n s i d e r  f l o o d  and c o n s e r v a t i o n  o p e r a t i o n  
s i m u l t a n e o u s l y .  
Wh i l e  t h e  model i s  p r i m a r i l y  f o r  h y d r o l o g i c  s i m u l a t i o n  it can a l s o  be user' t o  
e v a l u a t e  economic e f f e c t s  of f l o o d  c o n t r o l  and hydropower. Through s i m u l a t i o n  o f  
a l t e r n a t i v e  o p e r z t i n g  p o l i c i e s ,  r u l e  cu rves  can be improved and :he s i z i n g  and 
l o c a t i o n  o f  p o t e n t i a l  r e s e r v o i r s  can be s t u d i e d .  HEC-5 p r o v i d e s  a  means o f  
a c c u r a t e l y  s i m u l ? t i r ;  2nd r e f i n i n g  t h e  r e s u l t s  o f  any o p t i m i z a t i o n  mcdel d e v e l s x d  
and used f o r  t h e  p r e l i n i n i r y  d e f i n i t i o n  o f  m u l t i p l ?  r e s e r v o i r  o p e r a t i o n  p o l i c i e s .  
The node l  i s  w e l l  documented a r ~ d  m a i n t a i n e d  f o r  anyone 's  use by  HEC. D u r i n g  1979 
ove r  503 ? x ~ c u t : c n s  o f  S E C - 5  were recorded p e r  month on t h e  HEC-majntained C E C - 5  
p r o g r a n  ;d ove r  70 source deck; were d i s t r i b u t e d ,  
Multiple reservoir simulation models used to assess the impact of 
various operating policies are useful only if the multitude of data derived 
from all simulations can be compared and evaluated. Obviously the means 
and variances, and even the time distri bution, of numerous sitespecific 
variables such as reservoir storage volumes and releases, and their 
associated benefits or losses, can be computed and used for policy evaluation. 
Methods have also been proposed to permit an evaluation based on system 
reliability, resilience and vulnerability [30a]. Reliability is a measure of 
how often a failure, however defined, occurs. Resilience is a measure of 
how quickly the system recovers from failure; and vulnerability is a measure 
of the magnitude or consequences of failure, should failure occur. 
Reliability is a widely applied concept in water resources planning. 
Resilience and vulnerability are relatively new criteria. If a system failure 
tends to persist once it kds occurred, it may have serious implications even 
though such failures occur only infrequently and hence the reliability is 
high. The associated operating policy may be less desirable than a policy 
which results in a lower reliability but a higher resilience, as illustrated 
in Figure 10. 
Both resilience and vulnerability, the likely magnitude of failure 
should it occur, can be expressed in a variety of ways. Since they are random 
variables it is possible to define their expected values or their values that 
are exceeded with a specified probability. Figure 1 1  b illustrates the relation- 
ship among reservoir release re1 iabil ity, resilience and vulnerability 
associated with changes intwo parameters of an operating policy defined in 
Figure lla. 
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OF OPERATING P O L I C Y  PARAMETERS AS and A T  
One f i n a l  c o m n t  on the  use o f  s i m u l a t i o n  model ing i s  appropr ia te.  
I n  many systems, the percep t ion  o f  "what i s  an improvement i n  system 
operat ion"  i s  s t i l l  sub jec t  t o  c o l l e c t i v e  percep t ion  and i n t e r p r e t a t i o n .  
Th is  i s  e s p e c i a l l y  t r u e  f o r  systems where t h e  p r i n c i p a l  b e n e f i t s  are con- 
s ide red  t o  be n o n q u a n t i f i a b l e  (examples i n c l u d e  r e c r e a t i o n ,  f i s h  and w i l d -  
* 1 i f e  p reserva t ion ,  low- f low augmentation, e tc .  ). For developing improved 
opera t ing  procedures i n  such systems, i t  i s  d e s i r a b l e  ( i f  n o t  mandatory) 
t h e r e f o r e  t o  i n c l u d e  t h e  f n t e r p r e t a t i o n  o f  system o p e r a t i n g  s t a f f  
I n  sane o f  i t s  recen t  s tud ies ,  Acres has g iven  spec ia l  a t t e n t i o n  t o  
t h i s  aspect.  Acres'  approach has cons is ted  e s s e n t i a l l y  o f  two se ts  o f  simu- 
l a t i o n s .  For the  f i r s t  set,  t h e  response o f  t h e  system ( i n  terms of r e s e r v o i r  
l e v e l s  and re leases)  as r e f l e c t e d  i n  r e c e n t  opera t ing  p r a c t i c e  has been simu- 
l a t e d .  I n  essence, t h i s  i s  t h e  model c a l i b r a t i o n  phase. These r e s u l t s  are 
ob ta ined  by an i t e r a t i v e  process o f  system s i m u l a t i o n  w i t h  t h e  model, and by 
ex tens ive  and d e t a i l e d  d iscuss ions  w i t h  opera t ing  s t a f f .  A f t e r  c a l i b r a t i n g  
t h e  model, a  second s e t  o f  s imu la t ions  i s  then obtained, i n c l u d i n g  system 
responses f o r  va r ious  a l t e r a t i o n s  i n  opera t ing  p o l i c y .  These runs are based 
on the  c o l l e c t i v e  i n t e r p r e t a t i o n  and judgment o f  system o p e r a t i n g  s t a f f  and 
systems ana lys ts  as t o  what c o n s t i t u t e s  improvements i n  system opera t ion .  
Th is  s t r a t e g y  has proven t o  be very  successfu l  i n  p r a c t i c e .  It a l s o  has the  
dec ided advantage t h a t  a t  t h e  t i m e  o f  implementing changes i n  opera t ing  pro- 
cedure, t h e  opera t ing  s t a f f  a re  more l i k e l y  t o  suppor t  and implement the  
changes ( s i n c e  they  f u l l y  understand and apprec ia te  the  t o t a l  i m p l i c a t i o n s  
o f  these changes). 
* 
T h i s  i s  n o t  t o  imply  t h a t  these b e n e f i t s  cannot be q u a n t i f i e d .  Rather 
i t  i s  meant t o  i n c l u d e  t h e  percep t ionso fsome management groups who 
f i n d  i t  more comfor tab le t o  consider  c e r t a i n  b e n e f i t s  i n  q u a l i t a t i v e  
r a t h e r  than i n  q u a n t i t a t i v e  t e n s .  
Future Research 
I t  i s  apparent t h a t  we s t i l l  have nbt solved the  general multiple- 
reservoir  operating problem. There a r e  substant ia l  d i f f i c u l t i e s  in  iden- 
t i fy ing  po l i c i e s  tha t  are  both t r u l y  optimal and computationally t r ac t ab le .  
Given the  substant ia l  economic gains t h a t  can be rea l ized with only a 
very modest improvement in operating procedure, there  a re  strong economic 
incentives f o r  continuing research i n  this f i e ld .  The substant ia l  ongoing 
Investments by the  Tennessee Val ley  Authority [35], t he  Central Val ley 
Project  [45,72] and the  Columbia River System [?6] t o  improve reservoir  
operating pol ic ies  w i t h  the use of be t t e r  mathematical models are  
indications . of the  confiderice being placed i n  recent modeling developments. 
While the  e x p l i c i t  s tochas t ic  optimization approach appears t o  be the 
only technique available a t  t h i s  time f o r  producing t r u l y  optimal so7utions 
(as ide  from e r ro r s  in defining the  objective or  in d iscre t iz ing the  proba- 
b i l i t y  d i s t r i b u t i o n ) ,  i t  i s  f o r  a l l  prac t ica l  purposes computationally i n -  
t r ac t ab le  fo r  anything except a s ingle  reservoir .  Because of the  r a t e  of 
increase in computational e f f o r t  with the  increase in the  number of reservoirs ,  
t h i s  technique shows l i t t 7 e  promise f o r  future application t o  r e a l - l i f e  
systems. 
On the  o ther  hand, the impl ic i t  s tochas t ic  optimization approach shows 
greater  promise. The development and use of imp1 i c i t  s tochas t ic  optimization 
models i s  s t i l l  being confined t o  small multi-reservoir  systems. In the TVA 
study, f o r  example, the assessment of a l t e rna t ive  optimization s t r a t eg ies  
has focused on only a 6-reservoir system re7resentation.  For such systems, 
containing a reasonably small number of reservoirs ,  the  answers derived could 
lead t o  substantial  improvement in system operation over present practice.  
Improvements continue to take place in the development of implicit 
stochastic optimization models. The algorithms undergoing continuing de- 
velopment include the out-of-kilter algorithm, various modifications of DP 
(such as discrete differential DP and DP by successive approximation) [31, 
661. various gradient algorithms and Pari kh's [SO] 1 inear-dynamic decomposition 
a1 gorithm. 
For larger systems (say, more than five or six reservoirs), the most 
successful modeling strategy still seems to be one which uses simulation, or 
a combination of optimization and simulation for deriving operating rules 
(for example, as illustrated in Figure 9). or one which uses models for real 
time operation. Each of these approaches can be aided by individuals having 
past experience in operating the particular multiple-reservoir system. 
SOME ILLUSTRATIVE SYSTEMS AND ANALYSES 
In this section a few representative North American multi-purpose 
multi-reservoir systems and their operating policy analyses will be discussed. 
These systems include 
1 ) Severn-Trent-Rideau and Cataraqui River Basins in Ontario 
2) The Great Lakes of Canada and the U.S. 
3 )  Upper Delaware River in northeastern U.S. 
4) Tennessee Valley Region in southeastern U.S. 
5) Arkansas River Basin in southcentral U.S. 
6) Central Valley Project in western U.S. 
7) Columbia River Basin in northwestern U.S. and British Columbia 
Figure 12 indicates the generai location of each of these reservoir systems in 
Canada or the U.S.. The numbers indicating the particular river basins on the 
map correspond to the number indices in the above list. 
FIGURE 12. LOCATION OF MULTI-RESERVOIR SYSTEMS 
REVIEWED I N  THIS PAPE9 
1. Severn-Trent-Rideau and Cataraqui River  Basins i n  Ontar io 
Over t h e  p a s t  severa l  y e a r s ,  t h e  mul t ip le - rese rvo i r  opera t ing  
p o l i c i e s  of t h e  Tren t .  Severn, Rideau and Cataraqui watersheds i n  southern 
Ontar io ,  shown in Figure 13 , have been s t u d i e d  using Acres general  mult i -  
purpose mu1 t i - r e s e r v o i r  s imulat ion models P0.61 1. A modified vers ion  of 
t h i s  model is being used as  a  d i spa tch ing  a i d  f o r  t h e  day-to-day opera t ion  
of t h e  58- reservo i r  Tren t  system. The improved system performance, 
compared t o  h i s t o r i c a l  opera t ing  r e s u l t s ,  has been t h e  main reason why 
t h e  Trent-Severn Waterway Authori ty  has continued t o  use t h i s  model f o r  
r e s e w o i  r regu la t ion .  
The uses served i n  t h e s e  watersheds inc lude  n a v i t a t i o n ,  r e c r e a t i o n ,  
hydropower, flood c o n t r o l ,  water  supply,  f i s h  and w i l d l i f e ,  and water  
q u a l i t y .  The opera t ion  of t h e  mul t ip le  r e s e r v o i r s  i n  t h e  bas ins  i s  aimed 
a t  maximizing t h e  c o l l e c t i v e  b e n e f i t s  f o r  a l l  t h e s e  wate r  users .  Because 
c o n f l i c t s  e x i s t  among var ious  water  u s e r s ,  and t h e  r e l a t i v e  importance of 
var ious  uses  w i l l  c o n t i n u a l l y  be changing, t h e  opera t ing  s t r a t e g y  f o r  
those basins  i s  f l e x i b l e .  For ind iv idua l  r e s e r v o i r s ,  a  combined r u l e  
curve,  zoning and flow-ranging concept i s  used (see Figures  5 and7 ). 
For s imula t ing  opera t ing  responses f o r  var ious  opera t ing  s t r a t e g i e s ,  
a  s imulat ion model i s  used r e c u r s i v e l y  from one time period t o  t h e  next.  
In each time i n t e r v a l  t h e  optimal opera t ing  response is based on t h e  
c u r r e n t  s t a t e  of t h e  system ( r e s e r v o i r  l e v e l s  and channel f lows) ,  t h e  
runoff f o r e c a s t ,  and t h e  prescr ibed opera t ing  po l icy .  The op t jmiza t ion  
submodel uses  an opt imizat ion o u t - o f - k i l t e r  r o u t i n e  t h a t  minimizes t h e  
t o t a l  penal ty assoc ia ted  with any dev ia t ions  from idea l  condi t ions .  The 
r e l a t i v e  pena l ty  c o e f f i c i e n t s  a r e  p a r t  of t h e  input  d a t a  and can be 
FIGURE 13. LOCATION OF TRENT, SEVERN, RIDEAU 
AND CATARAQUI RIVER BASINS 
altered a t  any time to  r e f l ec t  changes in operating policy. The model i s  
a lso  used to  t e s t  the expected response of the system t o  changes in operating 
pol icy before Implementing such changes. 
To summarize, the  simulation model i s  used fo r  three  purposes. I t  i s  
used a )  t o  examine a l ternat ive  pol ic ies  of system operation within the  1 imits 
s e t  by the  individual reservoir  ru le  curves, zones and channel flow ranges; 
b) t o  aid in the  day-to-day operation of the  multi-reservoir  systems; and 
c )  t o  aid in the  water plannlng of Improved operating ru le  curves, zones, and 
flow ranges, and water resource system s t ructures .  
2 .  The Great Lakes 
The f ive  Great Lakes . . . Superior, Michigan, Huron, Erie,  and 
Ontario ... with t h e i r  connecting r ivers  and Lake St. C la i r ,  have a water 
2 
surface area of about 95,000 square miles (246,000 km ). The to ta l  area of 
the  Great Lakes basin, both land and water, above the eas ter ly  end of Lake 
2 Ontario i s  approximately 295,000 square miles (764,000 km ). The Great Lakes 
Basin i s  shown in Figure 14. 
Only two of the  f i v e  Great Lakes a re  regulated. Lake Superior, the most 
western and upstream lake, has been regulated since 1921 ( p a r t i a l l y  since 
1916) in an e f f o r t  t o  maintain lake levels  within a specified range t o  en- 
hance navigation and to  reduce shoreline damage. The cnly other regulated 
lake,  Lake Ontario, the most eastern and downstream lake, has been controlled 
since 1960. In view of the  proportions of the  physical quan t i t i e s  of water 
involved and the capacit ies of the  channels connecting the  lakes, complete 
regulation of these two lakes i s  not possible. 
Water from Lake Superior i s  discharged into Lakes Michigan-Huron; t h a t  
from Lakes Michigan-Huron into Lake Erie,  and tha t  from Lake Erie in to  Lake 
Ontario. Regulation of the outflow of any of the lakes of the system, other 
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F I G U R E  1 4 .  THE GREAT LAKES I N  NORTH A M E R I C A  
than Lake Ontario, a f f ec t s  the  timing of flow in to  the  lake imed ia te ly  down- 
stream, which in turn modifies the water supplies t o  the lakes s i tua ted  
fu r the r  downstream. A p ro f i l e  of the  system i s  shown in Figure 15. 
Because of the  broad and deep connection between Lakes Michigan and 
Huron, they have v i r tua l ly  the  same level and are  hydraulically considered as 
one lake. Because of the  20-foot (6 m) drop from Lake Superior t o  Lakes 
Michigan-Huron, the l a t t e r  two lakes could be regulated without e f f ec t  on 
the  levels  and outflows of Lake Superior. Outflows from Lakes Michigan- 
Huron a r e  dependent on the levels  of both Lake Huron and Lake Erie but to  the  
greater  extent on those of Lake Huron. Because these outflows are  in part 
dependent on Lake Erie levels ,  control of the  outflow of Lake Erie without 
control of the outflow of Lakes Michigan-Huron would a f fec t  the  levels  of 
Lakes Michigan-Huron. The regulation of the  levels  of Lake Erie would a1 so 
s ign i f i can t ly  a f fec t  the  timing of a major portion of the  supply of water t o  
Lake Ontario. 
Lake Ontario outflow has been controlled since mid-1958 and the lake 
has been regulated since 1960. The regulation of Lake Ontario has no e f fec t  
on the Lake Erie outflows because of the 326-foot (100 m) difference in level 
between these two lakes. About one-half of t h i s  difference occurs in the sheer 
drop a t  Niagara Fal ls .  
The physical character is t ics  of Lake Ontario make complete regulation 
impossible. The inflows a re  unregulated, and the  outflows can be pa r t i a l ly  
controlled by two dams and some naviaation locks. The objectives of regula- 
t ion  include a )  maintaining a navigation system in the St .  Lawrence River tha t  
permits deep d ra f t  ocean vessels to reach the  Great Lakes, b) producing low 
cost  hydroelectric power, and c )  reducing the  severi ty of extremely high and 
low lake levels t o  increase the benefi ts  to shoreline property owners. To 
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achieve an e q u i t a b l e  d i s t r i b u t i o n  of t h e  b e n e f i t s  from t h e s e  p o t e n t i a l l y  con- 
f l i c t i n g  uses ,  some r u l e s  have been e s t a b l i s h e d  t h a t  l i m i t  t h e  e x t e n t  of  l a k e  
level  v a r i a t i o n  and i n s u r e  a s p e c i f i e d  minimum and maximum downstream d ischarge .  
The c u r r e n t  operat ing plan f o r  Lake Superior  i s  known a s  t h e  "1955 
Modified Rule of 1949," and i s  shown in Figure 16 .  This  r u l e  provides f o r  
monthly s e t t i n g  of  t h e  con t ro l  works from 1 May t o  1 December; a l t e r n a t i o n s  
a r e  made between 1 December and 30 April only when success ive  monthly mean 
s t a g e s  of Lake Superior  move from the in te rmedia te  s t a g e  r a n g e t o  t h e  maximum 
o r  minimum s t a g e  range, o r  when success ive  monthly mean s t a g e s  move from t h e  
maximum o r  minimum s t a g e  range t o  t h e  in te rmedia te  s t a g e  range. 
The presen t  regu la t ion  plan f o r  Lake Ontar io,  Plan 1958-0, provides f o r  
t h e  weekly determination of water t o  be re leased  through t h e  var ious  s t r u c t u r e s  
loca ted  in  t h e  S t .  Lawrence River. The regula ted  r e l e a s e  is der ived  from a 
s e t  of curves which show i t  a s  a funct ion of t h e  water  l eve l  of  t h e  l ake ,  and 
from a supply i n d i c a t o r  which is  an index of water  supply condi t ions  a t  t h e  
end of t h e  preceding regula t ion  period. There a r e  two s e t s  o f  curves f o r  t h e  
y e a r ,  one of which is  shown i n  Figure 17. The r e l e a s e  determined from curves 
I s  checked a g a i n s t  a s e t  of l i m i t a t i o n s  on t h e  flow r e l e a s e .  I f  i t  is  l e s s  
than a l l  of the maximum and g r e a t e r  than a l l  of t h e  minimum l i m i t a t i o n s ,  i t  
i s  t h e  flow t o  be re leased  during t h e  coming regula t ion  period.  I f  t h e  
r e l e a s e  determined from t h e  curves i s  o u t s i d e  of t h e  range s p e c i f i e d  by 
l i m i t a t i o n s ,  t h e  appropi ra te  l i m i t a t i o n  flow is re leased .  
The c r i t e r i a  f o r  regu la t ion  of  Lakes Superior  and Ontar io r e l a t e  t o  
t h e  maximum and minimum water l e v e l s  of t h e  lake and t o  navigat ion depths.  
They a r e  e x p l i c i t  and t h e r e  is  no element of opera tor  judgment in  t h e i r  
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interpretation, a t  least  during periods of more or less  normal supplies. 
The plans were designed by analyzing the available historical water supplies 
during c r i t i ca l  supply sequences. Using these c r i t i ca l  sequences as t e s t  data,  
tentative rules and limitations on releases of lake outflows were empirically 
determined, modified and tested until the resulting levels and flows gave 
the desired results.  The plans were then tested using a l l  available his- 
torical water-supply data t o  determine i f  any further modifications were 
necessary, and t o  ensure that  the resulting levels and flows sat isf ied a l l  
c r i t e r i a  over the ent i re  period. 
The development of regulation plans in th i s  fashion assures satisfaction 
of the specified c r i t e r i a  over the historical supply period, with resulting 
maximum benefits during c r i t i ca l  periods, b u t  does not resul t  in the maximi- 
zation of benefits over the ent i re  period. In addition, successful operation- 
of a plan developed using th i s  approach i s  dependent in the future upon re- 
ceiving water supplies no , .ore c r i t i c a l ,  e i ther  in magnitude or sequence, 
than those used in the development of the plan. And indeed, during recent 
periods of record low inflows followed by record high inflows, the minimum 
and maximum levels and outflows could not be maintained. However, the lake 
levels that could be maintained were more moderate than would have occurred 
without regulation [la]. 
Current simulation studies are investigating the regulation of Lake 
Erie and the possible effects  of diversions into and out of the Great Lakes 
Basin. 
3 .  Upper Delaware River in Northeastern U.S. 
The Upper Delaware River Basin contains three  major reservoirs 
(Figure 18) tha t  were developed by New York City as sources of water 
supply. Water i s  diverted from these reservoirs via underground tunnels t o  
the  c i t y  which i s  outside the  basin. These reservoirs ,  supplying water t o  
the  c i t y  since 1953, 1955 and 1967, are  operated in conjunction wlth two other 
major c i t y  water supply systems In two other r ive r  baslns. 
Diversion of water from the Delaware basin has become an increasingly 
controversial issue as demands increase fo r  water downstream of these three  
reservoirs.  The U.S. Supreme Court has prescribed cer ta ln  operating require- 
ments tha t  force the c i t y  t o  release water from these reservoirs t o  meet 
cer ta ln  minimum flow requirements downstream and hence reduce the re1 i ab i l  i t y  
of tha t  source of water for  the c l ty .  New laws are  being proposed t o  increase 
these releases and modify the  current operation t h a t  causes rapid changes in 
r ive r  stages,  flow veloci t ies  and temperatures. New York Clty and New 
York State are presently evaluating various reservoir  operating pol ic ies  in 
an e f f o r t  t o  deriveoperating pol ic ies  tha t  can best s a t i s f y  the r iparian water users 
and s t i l l  provide a su f f i c i en t ly  r e l i ab le  source of water f o r  the  c i ty .  
Using a monthly simulation model and the  record of h is tor ica l  monthly 
flows, a l ternat ivedivers ion and release ru les  of the  form shcwn in Fiaure 19 are  
being evaluated. These ru les  are defined fo r  the  three combined reservoirs ,  
and a re  used together with level indlces and level number storage balancing 
functions (Figure 20) t ha t  indicate the  desired combinations of reservoir  
levels  in the  three reservoirs [ 4 8 ] .  I t  regains t o  be seen whether or  
not the r e su l t s  of these simulation studies will lead t o  a sa t i s fac tory  
agreegent between the interested par t ies  in t h i s  conf l i c t .  
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4. Tennessee Valley Region i n  Southeastern U.S. 
The TVA system includes 21 multiple-purpose r e s e r v o i r s  and 14 
s ingle-purpose hydropower r e s e r v o i r s .  In a d d i t i o n  t o  t h e s e  35 r e s e r v o i r s ,  
8 r e s e r v o i r s  operated by t h e  Corps of  Engineers and used f o r  generat ing 
h y d r o e l e c t r i c  energy, a r e  p a r t  of t h e  overa l l  43 r e s e w o i r  System shown 
i n  Figure 21.  The primary purpose of TVA r e s e r v o i r  system opera t ion  i s  
streamflow regula t ion  f o r  navigat ion and f lood c o n t r o l ,  and a s  c o n s i s t e n t  w i t h  
these  purposes, f o r  t h e  generat ion of  hydropower. Also, i t  i s  a TVA p o l i c y  t o  
maintain as  high water q u a l i t y  a s  poss ib le  i n  a l l  streams and r e s e r v o i r s  and 
t o  provide r e c r e a t i o n  and water supply a s  c o n s i s t e n t  with the  primary purposes. 
The scheduling of  t h e  r e s e r v o i r  system is  presen t ly  guided by flood cont ro l  1 i m i t s ,  
r egu la t ing  zones, nonnal maximum pool e l e v a t i o n s  and nonnal minimum l e v e l s ;  
normal ranges of  pool l e v e l s ;  balancing of s t o r a g e  volumes between r e s e r v o i r s ;  
economy r u l e  curves f o r  hydropower use;  power demands; and hydrologic 
condi t ions  [35]. 
The f lood  cont ro l  l i m i t s  and regula t ing  zones a r e  used during t h e  win te r  
f lood season (January,  February and March). The r e s e r v o i r  l e v e l s  a r e  
usua l ly  kept below t h e s e  l i m i t s  o r  within t h e  regu la t ing  zone. During t h e  
summer, they a r e  g e n e r a l l y  kept below normal maximum pool l e v e l s .  Above 
t h e s e  1 i m i t s ,  r e s e r v o i r  s to rage  i s  reserved f o r  temporary f lood s t o r a g e .  
Within and below the  regu la t ing  zone, d i scharges  from t h e  r e s e r v o i r s  a r e  
scheduled t o  se rve  power needs. The nonnal ranges of pool l e v e l s  were 
e s t a b l i s h e d  by s t u d i e s  and experience.  They occupy a zone below t h e  f lood  
l i m i t s  and t h e  normal maximum pool l e v e l s  and a r e  used by power opera t ions  
t o  schedule hydro loads and t o  keep r e s e r v o i r  s to rages  in  a system-wide 
balance. 

The main r ive r  reservoirs follow ra ther  closely a fixed "normal 
operation" guide (prescribed water l eve l s ) .  The annual range of water 
level f luctuations i s  re la t ive ly  small in these reservoirs  as compared t o  
t r ibutary  storage reservoirs. 
As an example of an annual operation plan, Figure 22 shows a typical  
operating guide curve f o r  a t r ibutary  multiple-purpose reservoir  providing 
flood-control storage and conservation storage f o r  power and navigation. 
The storage reservation fo r  flood control on March 15 was determined as the  
amount necessary, in conjunction with o ther  r e s e r ~ i r s  and levees, f o r  con- 
t r o l l i n g  the maximum probable flood a t  Chattanooga, a c r i t i c a l  downstream 
location. The greater flood-storage reservation on January 1 gives assurance 
t h a t  the March 15 reservation will be available in event a se r i e s  of floods 
makes i t  d i f f i c u l t  t o  draw down the reservoir  t o  the March 15 level .  Draw- 
down of the reservoir  pr ior  t o  January l provides useful water f o r  meeting 
navigation a n d  power production requirements during the  e a r l i e r  d r i e r  months, and 
normally can be accomplished with greater  assurance and efficiency than would 
be possible during the January 1-March 15 period. The l e s se r  reservation 
on March 15 and thereaf ter  makes a1 lowance f o r  the decreased chance of 
floods near the end of the Valley-wide flood season. After March 15, the 
reservoir  I s  allowed to  f i l l  more rapidly dependent upon hydrologic con- 
d i t ions ,  and may be f i l l e d  t o  normal maximum level i f  r a in fa l l  i s  abundant. 
Deficient r a i n f a l l ,  combined with heavy demands fo r  hydroelectric power 
production during the normal f i l l i n g  period. April 1 t o  June 1 ,  will pre- 
vent f i l l i n g  of the reservoir ,  which then may remain substant ia l ly  below 
top level through the surmer. A small amount of flood detention capacity 
i s  reserved through the summer months as a protection against flood- 
producing storms over limited areas. 
I 
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FIGURE 22. TYPICAL OPERATING GUIDE CURVE FOR A TVA TRIBUTARY 
MULTIPLE-PURPOSE RESERVOIR 
When heavy runoff occurs  during t h e  f lood  season,  d i scharge  from the  
dam i s  reduced o r  c u t  o f f  and t h e  r e s e r v o i r  may be temporari ly  f i l l e d  above 
t h e  opera t ing  guide curve,  thus  s t o r i n g  f lood waters  and reducing d o w n s t r e a ~  
f lood c r e s t s .  When flood danger has passed, t h e  r e s e r v o i r  is  returned t o  
seasonal l eve l  by r e l e a s i n g  water a t  r a t e s  t h a t  wi l l  no t  c r e a t e  o r  supple- 
ment downstream f looding.  Sometimes t h i s  drawdown can be accomplished by 
opera t ing  t h e  hydroe lec t r ic  p l a n t  a t  t u r b i n e  c a p a c i t y  u n t i l  t h e  necessary 
q u a n t i t y  of water  has been discharged from t h e  r e s e r v o i r .  Often,  however, 
i t  i s  necessary t o  re1 ease  add i t iona l  wate r  through sluiceways o r  s p i  11 ways 
t o  lower t h e  r e s e r v o i r  l eve l  more qu ick ly  and regain t h e  d e t e n t i o n  space 
needed f o r  f u t u r e  r a i n s .  S p i l l i n g  of t h i s  water  i s  proof t h a t  TVA places  
p r i o r i t y  f o r  f lood  control  o"er t h a t  f o r  power -- a d e f i n i t e  s t i p u l a t i o n  in  
t h e  TVA Act. 
Lowering of  t h e  r e s e r v o i r s  t o  p repare  t h e  system f o r  t h e  next  f lood 
season normally begins in  e a r l y  sumner and a c c e l e r a t e s  during t h e  r e l a t i v e l y  
d r y  f a l l  months. The water  is  withdrawn gradua l ly ,  t o  supplement diminishing 
na tura l  streamflow, f o r  navigat ion improvement and power production. By 
1 a t e  December, t h e  r e s e r v o i r s  normally have been returned t o  low l e v e l s ,  
completing t h e  annual c y c l e ,  as  shown by Figure 22. 
An example of an annual opera t ion  plan f o r  a multi-purpose main 
Tennessee River r e s e r v o i r ,  which a l s o  provides f lood cont ro l  s t o r a g e  and 
conservat ion s t o r a g e  f o r  power and nav iga t ion ,  i s  shown i n  Figure 23. In 
add i t ion  t o  conservat ion s t o r a g e ,  i t  provides a permanent pool f o r  nav iga t ion .  
The minimum pool ,  e l e v a t i o n  675, was determined by t h e  s p e c i f i e d  navigat ion 
depth a t  c r i t i c a l  po in t s  i n  t h e  r e s e r v o i r ,  and t h e  maximum pool ,  e l e v a t i o n  
685.44, was determined by r e s e r v o i r  l i m i t a t i o n s  and t h e  l o c a t i o n  of t h e  next  
upstream dam s i t e .  Flood control  o r  conservat ion s to rage  t h e r e f o r e  was 
1 imited t o  t h e  zone between t h e s e  two l e v e l s ,  but during t h e  usual Valley-wide 
f lood season t h e  f u l l  amount was reserved f o r  f lood c o n t r o l ,  except  f o r  minor 
f l u c t u a t i o n s  due t o  tu rb ine  cpera t ion .  In o r d e r  t o  r e t a i n  s t o r a s e  capac i ty  
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FIGURE 23. TYPICAL OPERATING GUIDE CURVE FOR A MAIN TENNESSEE RIVER 
MULTIPLE-PURPOSE RESERVOIR 
for flood control, drawdown to elevation 673 a t  the dam may be permitted. 
After March the reservoir is f i l l ed  to elevation 682.5 and the zone between 
elevation 682.5 and elevation 685.44 i s  the minimum reservation for flood 
storage during the s m e r .  
The fluctuating dashed lines show 1 foot (0.3 m) weekly changes in 
level for control of lake-breeding mosquitoes. These planned fluctuations 
of main river reservoirs usually begin in June and continue into September 
and are part of a yearly cycle of water level management. The main river 
reservoirs are fluctuated in tandem throughout the reservoir chain. 
The 1 foot r i se  above elevation €82.5 shown on Figure 23 
(about the middle of April) i s  a surcharge of the reservoir above 
normal s u m r  level to strand d r i f t  and debris brought into the reservoir 
by winter floods. After the reservoir has been surcharged for about 24 
hours, the level i s  drawn back to normal summer level within one day. Yuch 
of the floating driftwood and debris i s  stranded on the shoreline above the 
water level of the reservoir. This operation serves as a means of cleaning 
the reservoirs, thus reduces the hazards to recreational boaters and water ski 
enthusiasts, reduces the production of mosquitoes, and improves the aesthetic 
appearance. 
The operating guides for the main Tennessee River reservoirs also 
require the lowest reservoir levels during January, b u t  unlike the tributary 
reservoirs, available flood storage space i s  so small that  low levels are 
held until near the end of the flood season before f i l l i ng  to  summer ievels. 
Reservoir levels provide channel depths adequate for  navigation ~hroughout 
the year. During a flood control operation, the main river reservoirs may 
be temporarily f i  1 led to top-of-gates level , i f  required, thus storing flood 
waters and reducing downstream flood c res t s .  As flood danger subsides, the  
reservoirs  are promptly returned t o  seasonal l eve l s  by releasing water a t  
r a t e s  t h a t  will  not release excess water from the main r i v e r  reservoirs 
through t h e  spillways t o  lower the reservoir  level more quickly and regain 
the  detention space needed f o r  fu ture  ra ins .  
Lowering of the main Tennessee River reservoirs  a l so  begins during 
the  sumner and accelerates during the  r e l a t ive ly  dry f a l l  month;, thus 
pull ing the water level away from the  encroaching vegetation and preparing 
the system f o r  the  next flood season. The water ' i s  withdrawn gradually 
f o r  navigation improvement and power production. By l a t e  December, these 
reservoirs  a1 so have been returned t o  1 ow 1 eve1 s ,  completing the annual 
cycle,  as shown by Figure 17. 
During normal flow conditions, the primary operation objective i s  
economic power generation. The navigation objective i s  s a t i s f i e d  by main- 
ta in ing water levels  in t h -  main r i v e r  reservoirs  a t  or  above minimum pool 
levels.  Flood control i s  s a t i s f i e d  by maintaining proper reservoir  levels .  
Dai 1 y reservoir  schedul ing i s  based on projected hydropower 1 oads and a 
pa r t i a l  hydroplant preschedule by the  Office of Power. These projections a r e  
checked, modified as necessary, completed and approved by the  River Manage- 
ment Branch. By agreement w i t h  the Corps of Engineers, t he  Cumberland system 
i s  a lso  operated i n  t h i s  way. During flood operations, the River Management 
Branch and the  Corps of Engineers control t h e i r  respective systems. The 
Ohio River Division of the Corps of Engineers guides TVA's Kentucky Reservoir 
operation in order t o  reduce flood stages on the lower Ohio and Mississippi 
Rivers. A t  times. Kentucky and Barkley Dams have been shut off  completely 
thereby s tor ing the e n t i r e  Tennessee and Cumberland River flows in order t o  
reduce the flood stages on the  lower Ohio and Mississippi Rivers. 
A project  t o  develop sane mathematical water resource management 
models began in 1971. I t s  purpose i s  t o  provide the  manager of the  reser-  
voir  systems w i t h  an assessment of the impacts of various operating pol ic ies  
on flood control ,  navigation, power generation, water qual i ty  and recreation. 
The project  i s  expected t o  enhance exis t ing  methods by providing more 
carrrprehensive information f o r  a l l  essent ia l  operating purposes f a s t e r  than i s  
presently possible. The proposed methods should enable the  water manager t o  
cope with the s teadi ly  increasing complexity of day-to-day reservoir  operation 
and long-range planning. This increasing complexity i s  caused by the increased 
attention t h a t  i s  being paid t o  the in terac t ion between physical, economical 
and environmental fac tors  and by more d ivers i f ied  public in t e res t  in water and 
reservoir  use. To the extent possible,  the  methods will use quant i ta t ive  
measures of effectiveness t o  assess the  r e l a t ive  merits of a l t e rna te  decisions. 
The project  includes the development of mathematical models f o r  the 
various aspects of the operation problem. They comprise the prediction of 
system inputs and demands, the simulation of the physical cha rac te r i s t i c s  and 
the  flow, qual i ty  and other processes going on in the reservoir  system, the  
evaluation of operating objectives and the  search f o r  optimal operating 
s t r a t eg ies .  
The project  i s  subdivided in to  four major segments: two weekly 
planning and operation models and a daily and an hourly operation model. 
To date (1979). a f i r s t  weekly planning model has been completed. A second 
week19 planning model i s  in an advanced stage of development. Also, elements 
of the  dai ly  and hour1 y planning and operation models are  under development. 
The weekly planning models provide a computational too l  f o r  sys temat ic  
a n a l y s i s  of t h e  TVA r e s e r v o i r  system f o r  planning and opera t iona l  s t u d i e s  by 
weekly time s t e p s .  However, they c o n s i d e r  i n  a s i m p l i f i e d  way a l s o  t h e  
t r a n s i e n t  phenomena within t h e  week t h a t  have c o n s i s t e n t  e f f e c t s  on t h e  
r e s u l t s ,  such a s  f lood peaks, peak and o f e p e a k  hydro and thermal genera t ion  
and t h e  impact of t r a n s i e n t  flow on water q u a l i t y .  The f irst  weekly model 
e v a l u a t e s ,  f o r  a given system i o n f i g u r a t i o n ,  power 1 oads and hydrologic i n p u t s ,  
t h e  c o s t  of nav iga t ion ,  f lood c o n t r o l ,  power product ion,  wate r  q u a l i t y  
management and r e c r e a t i o n  and f i n d s  opera t ion  p r o j e c t i o n s  ( r e s e r v o i r  l eve l  
sequences)  f o r  18 s t o r a g e  r e s e r v o i r s  over  t ime  horizons of up t o  52 weeks 
t h a t  minimize a s p e c i f i e d  performance index within a l l  s p e c i f i e d  c o n s t r a i n t s  
on water  l e v e l s ,  f lows,  e t c .  P r e s e n t l y  t h e  performance index ( o r  composite 
o b j e c t i v e  f u n c t i o n )  is expressed a s  t h e  sum of weighted c o s t s  a s s o c i a t e d  with 
t h e  f i v e  o b j e c t i v e s .  Dynamic programing  by success ive  approximations is 
used t o  minimize t h e  perf(-rmance index. 
The second weekly model i s  an enhanced version o f  t h e  f i r s t .  I t s  
p r inc ipa l  f e a t u r e  i s  t h e  use of  a s t o c h a s t i c  dynamic programing  approach 
t o  t h e  long-range guide c a l c u l a t i o n  using a dimensionally-reduced system and 
a p r i o r i t y  o rder ing  of c o n s t r a i n t s .  Weekly opt imizat ion i s  performed by a 
non-l inear  programming technique.  P r e s e n t l y ,  i n  t h i s  model, on ly  power 
genera t ion  c o s t s  and f lood  damage c o s t s  a r e  considered. F e a s i b l e  and 
optimal opera t ing  p o l i c i e s  a r e  found s u b j e c t  t o  a l l  opera t ing  c o n s t r a i n t s  
ordered by prespeci  f i ed  p r i o r i t y .  
Various models to  be used in dai ly  reservoir  operations are  a lso  under 
development. A dynamic flow routing model fo r  the  upper half of the main 
r ive r  cascade by hourly time steps i s  nearing completion. This model will 
be used for  flood control and water qual i ty  planning. Also underway i s  a 
program t o  enhance dai ly  and hourly streamflow forecasting techniques. Con- 
ceptual and s t a t i  s t i c a l  techniques are  under investigation.  A dai ly  schedul ing 
model f o r  dai ly  and/or hourly time s teps  i s  in the  ear ly  planning stages. 
The hourly model will be used in operations when short-time s tep  considerations 
are important, as in flood control operations. Gradual implementation of 
a l l  models i s  planned t o  be completed by 1985. 
5. The Arkansas Basin in Southcentral U.S. 
The Arkansas River Basin, a portion of which i s  shown in Figure 24 ,  
has recently been studied in an e f f o r t  to  improve the operation of the  16 
reservoirs  shown in Figure 24 [13]. These reservoirs are  operated by the U.S. 
Amy Corps of Engineers t o  meet demands f o r  water supply and low flow augmen- 
ta t ion ,  hydropower, flood control ,  navigation and recreation and wi ld l i f e  
enhancement. Simulation models together with 34 years of h is tor ica l  monthly 
flows were used t o  evaluate the impacts of various operating pol ic ies ,  defined 
by storage zones similar  to  those shown i n  Figure 25 for  the equivalent percent 
of basin storage u t i l i zed  upstream of Van Buren, and by reservoir  level balance 
curves, s imi lar  t o  those in Figure 26. The equivalent percent of basin 
storage u t i l i zed  i s  the to t a l  exis t ing  upstream reservoir  storage u t i l i zed  
plus the predicted inflow in excess of the predicted releases for  the next 
5-day period divided by the to ta l  upstream reservoir  storage capacity. 
Reservoir balance curves define the p r io r i ty  in which the  wzter levels  in 
reservoirs a re  drawn down to  evacuate flood storage and meet dcwnstream flow 
requirements.. Reservoir levels in each reservoir  are  indexed and reservoir  
releases from upstream reservoirs are t o  be made so t h a t  each res2rvoir i s  
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a t  i t s  appropriate level index, i f  possible ,  as  defined by Figure 26. 
As shown in Figure 26,  when the  equivalent s torage volume i s  a b v e  30 per- 
cent. a i l  p ro jec t s  a r e  given equal p r i o r i t y  with regard t o  rese rvo i r  re leases  
and t o  the use of avai lable  channel capaci ty.  This i s  based on the assumption 
t h a t  the p robabi l i ty  of f i l l i n g  each rese rvo i r  above t h i s  volume i s  about 
t h e  same. 
The r e s u l t s  of numerous simulation runs were canpared and evaluated based 
on flow magnitudes and r e l i a b i l i t f e s .  The ru les  f o r  t h e  se lec ted  plan a r e  in  
f a c t  what i s  shown in Figures 25 and 26. The regulated flow t a r g e t s  a r e  
dependent on the time of year and on the  equivalent upstream storage. How- 
ever , s tud ies  of rese rvo i r  operation i n  t h i s  basfn continue, and a s  use 
p r i o r i t i e s  change, undoubtedly so wil l  t h e  operat ing po l ic ies .  
6 .  Central Valley Project  in Western U.S. 
The Central Valley Project  i s  a mu1 ti-purpose mult i - reservoir  p ro jec t  
located in the  Central Valley of Cal ifornia .  Since fts authorizat ion in 1935 
i t  has constant ly grown in t e n s  of p ro jec t  f a c i l i t i e s  and water demands. A 
schematic of the Central Valley Project  System i s  shown in Figure .27 [45]. 
Tne complexity of t h e  system and the grcwth of demands on t h e  system, along 
with advances in systems analysis  methods, recent ly led the  Sureau of Recl a- 
mation t o  i n i t i a t e  the deveiopment of water forecast ing modeis. 
Since 1970, mathematical models f o r  the CVP have been deveioped i n  
three generai areas  : 
a )  System operation models t o  provide operational decision-making 
i n f o n a t i o n ;  
b) Nater q u a l i t y  models; 
c )  Hydrologic models t h a t  simulate a1 1 s ign i f ican t  components of the 
+ydrologic cycle. 
Of i n t e r e s t  here zre t h e  systen operation modeis f o r  the  muit iple  rese rvo i r s  
and associated cana:s, pumping sza t ians  and power piants  shown in Figure 27.  
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N h i l e  t h e  r e s e r v o i r s  a r e  opera ted t o  s a t i s f y  m u l t i p l e  purposes, t h e  o p e r a t i n g  
models a r e  designed t o  maximize energy gene ra t i on  s u b j e c t  t o  minimum accept-  
ab le  l e v e l s  o f  o t h e r  ob jec t i ves .  Us ing t h i s  approach, s i x  models have been 
developed t o  p rov ide  CVP ope ra to rs  w i t h  t o o l s  t o  improve t h e i r  dec is ions .  
Not  a l l  o f  these model ing e f f o r t s  have been successful .  
Shas ta -T r i n i  t y  P i1  o t  Model 
The f i r s t  model developed was a d a i l y  model f o r  t h e  S h a s t a - T r i n i t y  
p o r t i o n  o f  t h e  p r o j e c t .  T h i s  p i l o t  model u t i l i z e d  a s t a t e  incrementa l  dynamic 
programning method t o  maximize t h e  p o r t i o n  o f  t h e  CVP's f i r m  energy ou tpu t  
from Shasta and C l a i r  Engle Reservo i rs ,  w h i l e  s a t i s f y i n g  t h e  o t h e r  o b j e c t i v e s  
as c o n s t r a i n t s .  T h i s  i n i t i a l  t w o - r e s e r v o i r  model i n g  e f f o r t  convinced t h e  CVP 
managers t h a t  t h e  concept o f  model ing t h e  p r o j e c t  t o  p r o v i d e  dec i s i ommak in?  
i n f o r m a t i o n  was v a l i d .  On t h e  b a s i s  o f  t h e  accomplishments i n  t h e  development 
o f  t h i s  model, t he  managers a u t h o r i z e d  t h e  development o f  t h r e e  i n t e r r e l a t e d  
models - a month ly  model which -would cover  a 12-month pe r i od ,  a d a i l y  model 
which would cover  up t o  31 days, and an h o u r l y  model which would cover  one 
day. Each model would be a separa te  computer program p r o v i d i n g  d a t a  f o r  t h e  
succeeding model. 
USER Month ly  O ~ t i m i z a t i o n  Model 
The i n i t i a l  month ly  m d e i  was developed by t h e  Bureau o f  Reclamat ion 
and used incrementa l  dynamic programning t o  determine t h e  fo recas ted  ope ra t i on  
o f  t he  f ou r  major  r e s e r v o i r s  i n  t he  C'l? system. Du r i ng  :he i n i t i a l  stages 
o f  implement ing t h e  USaR Monthly C p t i m i z a t i o n  Yodel ,  the  p r o g r z n  funct ioned as 
desianed - 31 maximize the energy aene ra t i on  w i t h i n  t h e  normal o p e r a t i o n a l  
c o n s t r a i n t s  o f  t h e  CYP. Each month :he r e s u l t s  f rom t h e  mode; were 
eva luate4 and then used t o  produce an o p e r a t i o n  f o r e c a s t  r e p o r t  f o r  t h e  f o l l ow-  
i n g  12 months. 
As t h e  model gained acceptance,  i t  became ev iden t  t h a t  wi th  some 
program modif icat ion t o  produce a r e p o r t ,  the  ou tpu t  from t h e  model could 
be used d i r e c t l y  a s  t h e  f o r e c a s t  of  opera t ions .  This  system worked we1 1 
during t h e  wet y e a r s  of 1973-75 but  developed problems with t h e  beginning 
o f  t h e  1976-77 drought. 
As t h e  r e s e r v o i r  l e v e l s  dropped, power curves t h a t  had been 
developed f o r  t h e  model were ex t rapola ted  beyond t h e  range of d a t a  used t o  
d e r i v e  them and found t o  be inaccura te  i n  t h e  lower r e s e r v o i r  ranges. Hard 
c o n s t r a i n t s  t h a t  had been programed i n t o  t h e  l o g i c ,  such a s  requ i red  minimum 
r e l e a s e s  from t h e  r e s e r v o i r s  t o  t h e  s t reams,  required changing a s  t h e  water  
supply decreased.  
As requ i red  changes and modi f ica t ions  were included,  t h e  program became 
l a r g e r  and requi red  longer  periods of  computer time. While working under a 
time c o n s t r a i n t ,  t h i s  became more and more of  a problem and was f i n a l l y  t h e  
determining f a c t o r  i n  r e t u i n i n g  t o  doing t h e  f o r e c a s t  manually. 
CVP Month1 y Simulation Model 
As a d i r e c t  r e s u l t  o f  t h e  1976-77 C a l i f o r n i a  drought and t h e  problems 
with t h e  USER Monthly Optimization Model, t h e  CVP Simulation Model was 
developed. The model was designed t o  s imula te  t h e  monthly opera t ion  of t h e  
CVP over  a 12-month period. 
During t h e  drought i t  was discovered t h a t  many of  t h e  f i x e d  con- 
s t r a i n t s  i n  t h e  USER Month-l.y Optimization Model were a c t u a l l y  f l e x i b l e  under 
c e r t a i n  condi t ions  and could be manipulated. Therefore,  t h e  s imulat ion 
model was designed t o  accept  s p e c i a l  except ions t o  normal opera t ing  pro- 
cedures. This  c a p a b i l i t y  i s  now considered important even i n  normal y e a r s ,  
because t h e  demands on t h e  CVP have increased cons iderab ly  s i n c e  t h e  develop- 
ment of t h e  op t imiza t ion  models. 
The CVP S imu la t i on  Model i s  used t o  produce a  12-month f o r e c a s t  o f  
r e s e r v o i r  and power p l a n t  opera t ions .  F i r s t ,  a  month ly  s t r a t e g y  i s  de te r -  
mined which meets a l l  minimum water  requirements,  i .e .  c o n t r a c t s ,  mandatory 
re leases,  f l ood  c o n t r o l  and pumping demands. Then, t h e  use r  has t h e  freedom 
t o  i n t e r a c t i v e l y  mod i f y  r e s e r v o i r  r e l eases  and pumping requ i rements  t o  produce 
an acceptab le  energy genera t ion .  These s teps a r e  repeated f o r  each month o f  
t h e  f o recas t  pe r i od .  F i n a l l y ,  t h e  model may be r e r u n  any number of  t imes 
w i t h  d i f f e r e n t  i n p u t  da ta  and/or d i f f e r e n t  o p e r a t i n g  c r i t e r i a .  T h i s  process 
a1 lows t h e  use r  t o  examine a1 t e r n a t i v e  o p e r a t i n g  s t r a t e g i e s  and eva lua te  
t h e  b e n e f i t s  and t r a d e - o f f s  assoc ia ted  w i t h  each. 
The model i s  p rog ramed  i n  FORTRAN. I t  r e q u i r e s  a  r e l a t i v e l y  smal l  
amount o f  co re  s to rage  which a l l ows  i t  t o  run  i n t e r a c t i v e l y .  Wi th  user  
i n t e r a c t i o n ,  the  model can be run  i n  approx imate ly  1  hour o f  c l o c k  t ime. 
The program a c t u a l l y  executes i n  about 3 seconds o f  computer t ime, which 
a l l ows  i t  t o  be run  repea ted l y .  Cther  f a c t o r s  which a f f e c t  t h e  n o d e l ' s  
usefu lness a re  i t s  a b i l i t y  t o  handle many op t i ons  and i n c l u d e  unusual c i rcum- 
stances. The human i n t e r v e n t i o n  aspect a l s o  c o n t r i b u t e s  t o  a  h i g h  l e v e l  o f  
conf idence i n  model r e s u l t s  which m igh t  n o t  o t h e m i s e  e x i s t .  
I n  s u m a r y ,  t h e  CVP s i m u l a t i o n  model p rov ides  an e f f e c t i v e  means t o  
szarch f o r  t h e  b e s t  s o l u t i o n  t o  i n c r e a s i n g l y  d i f f i c u l t  and i n t e r r e l a t e d  
problems assoc ia ted  w i t h  t h e  ope ra t i on  o f  a  l a r g e  mu l t i - pu rpose  water  re- 
sources p r o j e c t .  
UCLA Yon th l y  O p t i m i z a t i o n  Yodel 
A i t hough t  t h e  incrementa l  dynamic p r o g r a m i n g  techn ique used i n  t h e  
USaR Yon th i y  Xodel was successfu l  when a o p l i e d  t o  t h e  f o u r - r e s z r v o i r  system, 
t h e  a d d i t i o n  of two more r e s e r v o i  r s  would cause the  program t o  exceed the  
capabilities of the available computers. This problem was identified in 
1973. At that time, the Bureau of Reclamation and the Office of Water 
Resources Research (now OWRT) contracted with the University of California 
at Los Angeles (UCLA) to develop a procedure to alleviate the dimensionality 
problems [72]. The contract called for the development of all three models. 
monthly, daily and hourly. The UCLA monthly model used a combined linear 
programing-dynamic programning (LP-DP) procedure to optimize the system. 
This procedure results in less required computer storage and faster running 
times than the USBR Model. The advantages of this procedure include the 
relatfvely easy method of changing or adding constraints and the addition 
of reservoi rs . 
UCLA Daily Model 
The methodology used in the Daily Model is similar to the monthly 
model except that use of the LP-DP technique is unnecessary. This is 
because a sufficiently accurate result for practical purposes can be obtained 
by using the same value of energy delivery constraint each day of the month 
since hydroelectric head changes from day to day are small and power surge 
constraints limit flow variations. The number of constraints increases from 
54 (monthly) to 70 (daily). These additional constraints define lag times 
of water deliveries and storage requirements of the regulatory reservoirs. 
The main problem with the daily model for the user is the vast amount 
of input. Further, the implementation of the daily model began in 1976, 
which was the beginning of a 2-year drouoht. Due to the low water 
quantities, the daily model became unusable. Therefore, priorities changed 
and further implementation was ceased. 
UCLA Hourly Model 
The hourly optimization model i s  a twpphase procedure f o r  operating 
the CVP over a 24-hour period. The program maximizes the  operation of CVP 
power f a c i l i t i e s  while meeting water cons t ra in t s .  Phase I determines a good 
f ea s ib l e  operation through an i t e r a t ed  l i nea r  programning process. Phase I1 
uses an incremental dynamic programning, successive approximations process, 
applied t o  the  Phase I policy t o  a r r i ve  a t  an optimal hourly schedule of 
water releases a t  CVP f a c i l f t i e s .  Constraints  on t he  system include minimum 
and maximum re leases  from the  CVP reservoirs  and an hourly power demand from 
a major contractor  f o r  CVP power. Output from the  model includes hourly 
release schedules f o r  each reservoi r  and hourly energy generation from each 
f a c i l i t y .  The program a lso  schedules the most e f f i c i e n t  number of un i t s  t o  
use a t  each pawerhouse. 
Several problems remain with the  Hourly Model. Each problem i s  respon- 
s i b l e ,  in  pa r t ,  f o r  each of the o ther  problems. Currently the scheduling of 
un i t s  a t  the Fewer facilities sometimes r e su l t s  in mult iple  s t a r t up  and 
shutdown of generators during a 24-hour period. Even though t h i s  scheme of 
operation may be optimal f o r  power production, in  a c tua l i t y  the  operation i s  
un rea l i s t i c  due to the s t r a i n  placed on equipment. I t  i s  possible  t o  place 
additional cons t ra in t s  on the program to  provide acceptable scheduling, but 
t h i s  in t u r n  aqgravates a problem of program execution on the computer. 
Cdrrently the hourly model i s  running on the  USBR computer system but i s  
not being used as an operationai tool because of excessive running times. 
Development is  s t i l l  being done on methods t o  improve turnaround time and uni t  
scheduling. Other prooosals, suchas adapting the program to  a local mini- 
compu:er control system, u t i l i z i n g  only port ions of the  program, and integrat ing 
port ions of the program with ex is t ing  inhouse programs, a re  being discussed. 
Table 1 sumar izes  the current  s t a t u s  o f ,  and fu ture  plans f o r ,  these 
models [ 4 5 ] .  
MODEL 
Shasta-Trinity 
USBR Monthly 
Optimization 
CVP Monthly 
Simulation 
UCLA Month1 y 
Optimization 
UCLA Daily 
UCLA Hourly 
STANS 
Superceded. 
Retired. 
Operational. 
Currentl y inactive. 
Requires revisions t o  
power curves and some 
sl ight  logic changes. 
Currentl y inactive. 
Currentl y being repro- 
gramned to  run on USBR 
CYBER system. Not yet 
operational. 
FUTURE PLANS 
None. 
None. 
Will be expanded t o  i n -  
clude new f ac i l i t i e s  and 
used in conjunction with 
UCLA monthly model. 
Will be revised and ex- 
panded t o  include new 
f ac i l i t i e s .  Will be used 
in conjunction with the 
simulation model. 
No imediate  plans t o  
activate. 
Will expand to  include new 
f a c i l i t i e s  and adopt the 
model t o  the local mini- 
computer control system. 
TABLE 1. CURRENT STATUS AND FUTURE PLANS FOR 
MODEL DEVELOPMENT AND USE FOR THE 
CENTRAL VALLEY PROJECT (1 979). 
E i g h t  yea rs  were spent i n  t h e  development and use of o p e r a t i o n a l  CVP 
models. T h i s  exper ience has l e d  those i n v o l v e d  t o  t h r e e  ma jo r  conc lus ions.  
1. Since t h e  d e c i s i o n  was made t o  model a  major  p o r t i o n  o f  t h e  CVP, 
t h e  average gene ra t i on  pe r  ac re - foo t  of water  has increased about  10 percent .  
Whi le some of t h i s  i nc rease  might  be a t t r i b u t a b l e  t o  t h e  use of t h e  models. 
most o f  t h e  increased gene ra t i on  occu r red  d u r i n g  t h e  development stages. The 
knowledge of t h e  system ga ined by t h e  ope ra to rs  d u r i n g  the  process o f  
deve lop ing  t h e  inodel i s  more respons ib le  f o r  t h e  i nc reased  gene ra t i on  than 
t h e  ac tua l  models use. I n  t h e  fu ture ,  as t h e  personnel  i n  t h e  ope ra t i ons  
o f f i c e  change. t h e  con t i nued  use o f  t h e  models w i l l  p r o v i d e  a  method f o r  t h e  
new ope ra to rs  t o  q u i c k l y  acaui  r e  t h e  knowledge r e q u i r e d  t o  make sound 
o p e r a t i o n a l  dec i s i ons .  
2 .  The i n t e r a c t i v e  s i m u l a t i o n  model used i n  c o n j u n c t i o n  w i t h  an 
o p t i m i z a t i o n  model i s  a  v e r y  e f f e c t i v e  method o f  examining much o f  t h e  
i n f o r m a t i o n  a v a i l a b l e  t o  an ope ra to r .  O p t i m i z a t i o n  Models a r e  decis ion-making 
t o o l s  and n o t  t h e  producers o f  a  f i n a l  o p e r a t i o n a l  s t r a t e g y .  T h i s  f a c t  was 
t e m p o r a r i l y  f o r g o t t e n  when the  USaR Month ly  O p t i m i z a t i o n  Model was m o d i f i e d  
t o  produce a  t i n a l  ope ra t i on  r e p o r t .  A l though t h e  gene ra t i on  o f  energy i s  
an impor tan t  p r o j e c t  o b j e c t i v e  i t  i s  n o t  t h e  o n l y  ob jec t i ve .  Other  p r o j e c t  
o b j e c t i v e s  cannot always be formula ted i n t o  equat ions  t h a t  a re  s t a t i c .  
3.  Yost  water  resources p r o j e c t  ope ra to rs  a r e  n o t  ope ra t i ons  research 
ana l ys t s .  There fore ,  i f  models a r e  go ing  t o  be accepted and used by t h e  
peop le  t h a t  make the  dec is ions ,  t h e  model cannot be so complex t h a t  t h e  use r  
has d i f f i c u l t y  i n  ope ra t i ng  and m a i n t a i n i n g  it. 
7. Columbia River Basin in Northwestern U.S .  and Brit ish Columbia 
The Columbia, Figure 28, i s  the  fourth l a rges t  r i v e r  in North 
America and the nineteenth l a rges t  in the  world. I t  i s  an international  
r i v e r  i n  western North America flowing from Canada in to  the U.S. 
t h a t  has been highly developed f o r  multiple-purpose use by a system of 
over two hundred reservoirs  under diverse ownership. Hydropower is  one 
of these important functions. The reservoir  system includes over f i f t y  
hydroelectric projects t h a t  provide approximately three-fourths of the 
region's  e l ec t r i ca l  power. One-half of a l l  U.S. hydropower i s  i n  t h i s  
region. 
The Columbia River has been developed and i s  operated f o r  
mu1 ti ple water-resource purposes including not only hydropower b u t  also  
i r r i g a t i o n ,  navigation, flood control , f i s h  and wi ld l i f e ,  recreation,  
municipal and indust r i  a1 water supply, and water qua1 i t y .  
A br ief  review of the types of dams and reservoirs  and t h e i r  
ro les  in the Columbia System may he1 p t o  understand how the  system i s  
managed. Large headwater storage reservoirs  f i  11 during high flow 
periods, thereby reducing floods,  and then l a t e r  release extra water f o r  
power and other  purposes. The "annual storage" reservoirs  in the  Columbia 
System a r e  usually emptied and r e f i l l e d  once every year. They can be 
f i l l e d  each year even i f  drawn t o  the bottom in a low flow year. The 
"cyclical  storage" reservoirs  a r e  a lso  emptied and f i l l e d  on a yearly 
basis but i f  drawn t o  the bottom, they will  not completely r e f i l l  during 
low flow years.  Measurenrents of the  mountain snowpack a re  used as an 
index t o  forecas t  runoff which i s  used t o  determine ru le  curves which 
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indicate how much reservoir space can and should be evacuated in ad- 
vance of the snomnelt runoff and s t i l l  completely r e f i l l  with reasonable 
confidence. 
6 3 There are more than 46 mi 11 l on acre feet  (MAF) (1 MAF = 1234 x 10 m ) of 
active storage in the Columbia reservoir system but less than 43 MAF are 
directly used for  power production. Most of th i s  i s  in the 15 largest 
reservoirs that  include more than 40 MAF. The remaining storage, in the 
smaller reservoirs, i s  less controllable on a system basis. Of a l l  the 
dam and reservoir projects in the Columbia Basin, approximately 100 are 
involved In power production but most of the power i s  produced by about 
half of these. There are additional projects outside the basin that 
contribute t o  the region's power. The Amy Corps of Engineers operates 
21 reservoir Projects in the Pacific Northwest (20 I n  the basin 
and one outside) that produce 40 percent of the region's hydroelectric 
power. The Bureau of Reclamation operates 9 projects (a l l  in the basin) 
that  produce about 20 percent while the remaining 40 percent of the 
hydroelectric power i s  produced by several public (ci ty  and county) 
agencies and private u t i l i t i e s .  There are also a few large and several 
small thermal powerplants in the region. 
No single agency or Interest group controls the Columbia River. Inter- 
agency cooperatfan i s  a necesstty for  responsible management of the Columbia, 
which rests  upan an intr icate  formal and informal "check and balance" systenr. 
The Army Corps of Engineers i s  the largest aperator of reservoir projects in 
the region and the Bureau of Reclamation i s  the second largest. Both of these 
agencies operate t h e i r  rese rvo i r  p ro jec t s  f o r  mult iple  purposes. The 
Bonneville Power Administration i s  t h e  l a r g e s t  operator  of transmission 
l i n e s  in  the  regionsand i t  i s  t h e  marketing agent f o r  the power produced 
by the  Corps and Bureau dams. Many o ther  dams in the  U.S. portion of 
t h e  basin a re  operated by public  and pr iva te  e n t i t i e s  whose operation 
provides f o r  some protection of the p u b l i c ' s  water resource i n t e r e s t s .  
In the Canadian portion of the  basin, t h e  l a r g e s t  operator  of dam 
and reservo i r  p ro jec t s  i s  Br i t i sh  Columbia Hydro and Power Authority, 
but t h e r e  a re  rese rvo i r  p ro jec t s  operated by o thers  even there.  Because 
of t h i s ,  the re  a r e  numerous comnittees, groups and organizat ions involved 
in coordfnat ing the  manageTent of  the Columbia River. Optimum regulat ion 
t o  one special  i n t e r e s t  may not be optimum t o  another and i t  i s  of ten 
d i f f i c u l t  t o  reduce c o n f l i c t s  t o  a  common economic denominator. S t r iv ing  
f o r  optimum mult iple  purpose r e ~ u l a t i o n s  of the  Columbia River occasional ly 
r e s u l t s  i n  some controversy and c o n f l i c t  t h a t  may be resolved by Congress, 
in the c o u r t s ,  o r  in the  pub1 i c  arena;  but by and la rge ,  these c o n f l i c t s  
are resolved through interagency cooperation. 
The legal basis  f o r  coordinated operation of most of the hydro- 
power generating f a c i l i t i e s  in the  Coiumbia aasin i s  the "Pac i f ic  
Northwest Coordination Agreement." This con t rac t  was signed by 16 
p a r t i e s  con t ro l l ing  the  major power f a c i l i t i e s  in the  U.S. portion of the 
basin. Almost a l l  of the rese rvo i r  s torace within the  basin i s  
control led e i t h e r  d i rec t :y  o r  i n d i r e c t l y  by the  s igna tor ies  t o  t h i s  
agreement. Xeservoir s toraqe i s  dedicated t o  coordinated hydropower 
use w i t h  cer ta in  l imi ta t ions  fo r  non-power requirements. As a r e su l t  
of the Coordination Agreement i t  I s  possible f o r  the owner of a down- 
stream run-of-river or pondage projec t  w i t h  no upstream storage under 
h i s  control ,  t o  be assured.of an amount of f irm energy great ly  i n  excess 
of what h is  project  could produce without coordination. This 'concept of 
guaranteed firm energy i s  fundamental t o  the  Coordination Agreement. In 
many respects t h i s  agreement provides an operating arrangemnt t h a t  
approaches the optimum t h a t  would theore t i ca l ly  be possible under s ing le  
ownership. 
Each reservoir  projec t  I s  controlled within ce r t a in  operatino 
l imi t s  such as extreme maximum and minimum forebay e levat ions ,  r a t e s  
of change in discharges and/or forebay elevations,  min imum instantaneous 
and/or dai ly  discharges, e t c ,  In addition t o  these hydraulic l imi ts .  
there  are  usually e l ec t r i ca l  I imits imposed by projec t  requirements o r  
transmission system needs. Storage reservoirs  in the  Columbia system 
are regulated within these l imi t s  by a s e t  of seasonal or annual reservoir  
elevation schedules or  " ru le  curves." These ru le  curves a re  used 
t o  guide the operation of individual storage reservoirs  as well as the 
e n t i r e  system. The more important ru le  curves used t o  manage Columbia 
Basin storage reservoirs and the reservoir  system, as i l l u s t r a t e d  in 
Figure 29,  are: 
-- "Cri t ica l  Rule Curves (CRC)" a re  reservoir  elevation schedules (Fig. 30) 
developed by annual operating studies using A0 years of h i s to r i ca l  stream- 
flow records (1928-68) t o  determine optimum energy t o  meet firm loads 
during the most adverse water condition which may be a s  long as four 
years and I s  referred t o  as the  " c r i t i c a l  period." 
- - "Refil l  Curves" are  schedules of the lowest elevations t o  which 
a reservoir  may be ooerated and s t i l l  have an agreed upon probabil i ty of 
r e f i l l .  
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MULTI-YEAR C R I T I C A L  P E R I O D  I N  THE COLUMBIA 
R I V E R  B A S I N .  
-- "Assured Refi l l  Curve (ARC)" i s  a  r e f i l l  curve computed from 
the  second lowest streamflow in t h e  40 years  of h i s t o r i c a l  record used 
f o r  system studies .  
-- "Variable Ref i l l  Curve (VRC)" i s  a  rese rvo i r  r e f i l l  schedule 
computed from forecasted volume inflows f o r  t h e  remainder of t h e  current  
operat ing year  ending 31 July.  Water supply forecas t s  based on actual 
snow depth measurements and observed prec ip i ta t ion  plus assumed subse- 
quent p k c i p i t a t i o n  a r e  made per iod ica l ly  beginnlng 1 January each year  
f o r  a l l  major s torage rese rvo i r s  and t h e  basin a s  a  whole. The inflow 
volume i s  usually reduced by deducting the  95 percent confidence forecas t  
e r r o r  and water required t o  meet loads during t h e  r e f i l l  period and t o  
f  i  11 upstream reservoirs .  
-- "Upper Rule Curve (URC)" i s  a  rese rvo i r  e levat ion schedule 
ind ica t ing  space required e i t h e r  during the  evacuation o r  r e f i l l  period 
t o  control potent ial  flood flows. 
-- "Limiting Rule Curve (LRC)" i s  a  rese rvo i r  e leva t ion  schedule 
ind ica t ing  ninimum contents  which must be maintained t o  guarantee the 
system m e t i n g  i t s  f i n  loads during tne  January-April period in the  
event the var iab le  r e f i l l  curves permit storage t o  be emptied b u t  
s u f f i c i e n t  natural flow may not  be ava i lab le  u n t i l  t h e  s t a r t  of the  spring 
snomneit f reshe t .  
- - "Operating Rule Curve (CRC)" i s  t h e  rese rvo i r  e levat ion schedule 
composed of segments from o ther  ru le  curves as appropriate  t h a t  wil l  permit 
the  maximum d r a f t  without jeopardizing system a b i l i t y  t o  ca r ry  f i m  loads 
in t h e  fu ture .  
From the annual operat ing s tud ies  a family of ru le  curves a r e  
developed for  optimum power production from inaividual s torage rese rvo i r s  
and 'or the combined system, as  i s  i l l u s t r a t e d  in Figure 31. 
FIGURE 31. GENERALIZED MULTI-PURPOSE OPERATING RULES FOR A RESERVOIR 
I N  THE COLUMBIA RIVER BASIN. 
During actual  day-to-day operation the  rese rvo i r  wner /opera tors  determine 
which r u l e  curve i s  most appropriate  under the condit ions a t  t h a t  time. 
Some conditions change slowly such as  streamflows during a period of 
recession,  whereas some changes a r e  rapid such as unscheduled outages 
of generating fac i  1 i t i e s .  Non-power requirements can a1 so force a change 
in power operations. These numerous var iab les  must be handled f o r  rea l -  
time reservo i r  management t o  be e f f e c t i v e  f o r  hydropower purposes. 
Contingencies must be provided f o r  and reserves made ava i iab le .  For 
many reasons the  actual operat ions deviate  from the optimum hydroelectr ic  
plan,  while on the o ther  hand e f f o r t s  a r e  being made cont inua l ly  t o  bring 
the system back i n t o  balance o r  t o  s tay  a s  c lose  t o  optimum condit ions 
a s  possible .  
In d a i l y  operat ions,  peaking capaci ty i s  usually of more concern 
than average energy requirements. Some p r o j e c t s  a r e  scheduled a day in 
advance, whereas others  a r e  used t o  make the instantaneous changes required 
t o  meet constant ly changing load demands. Peaking plants  a r e  required t o  
nake rapid response t o  changing power demands and corresponding var ia t ion  
in discharges. Pondage pro jec t s  a r e  most comonly used t o  f i l l  t h i s  need. 
Computers a r e  used in many r o l e s  throughout the Columbia rese rvo i r  
$ystem, from actual  project  con t ro l ,  t o  cen t ra l ized  system c o n t r o l ,  t o  
system planning s tud ies .  Computer models a r e  used frequent ly t o  make 
shor t  range and longer range forecas t s  and simulations of the  operating 
system. Pro jec t  and hydrmetaorological data  a r e  ca l l  ected automatical 1 y ,  
sometimes frcm remote s i t e s ,  procassed by computer, and then used ;or 
rese rvo i r  simulation s tud ies .  Human decis ions and .judgment 
have been the mos't efficient,  effective and satisfying means of regulating 
the Columbia reservoir system when the persons i n  control are supplied with 
the best real-time information possible. 
A simulation model developed by the Corps of Engineers i s  used 1 )  t o  
help develop an operating strategy t o  be applied in current operations, 
2 )  to  assess proposed changes in operating s t rategies  due to  changes in both 
power and non-power requirements, and 3) to  identify and assess future system 
additions or  modes of operation. 
In the past the Corps has developed and rejected two optimizing techniques 
fo r  c r i t i ca l  period operation for  inclusion in the simulation model. These 
were i terat ive techniques that  a t  that  time were extremely costly in terms of 
computer time. However the Bonnevi 11 e Power Administration and the Northwest 
Power Pool hydroelectric simulators have optimizers. While helpful for 
planning, however, they have not yet proved to be very useful or efficient 
for reservoir operation. 
One reason for th i s  !b that  economic measures of system performance for  
many of the multi-purpose reservoir uses are often d i f f icu l t  t o  determine. 
Examples a r e  the possible extinction of fish runs, the unavailability of boat 
ramps for  recreation use, or  the lowering of reservoir levels below the inlets  
t o  irrigation pumps. I t  i s  even more d i f f i cu l t  to  quantify the wrath of the 
people who l ive around the reservoir that  i s  being operated to meet such a 
requirement and can't .  Hence I t  i s  unlikely that  any optimization model 
will take the place of judgment during reservoir planning and operation, 
b u t  of course such methods may be helpful in enhancina that  judgment. So 
f a r  th i s  has not occurred with respect t o  reservoir operation in the Columbia 
River Basin. 
CONCLUSION 
T h i s  paper has been a  rev iew  o f  m u l t i p l e  r e s e r v o i r  o p e r a t i o n  and 
p l a n n i n g  and a n a l y s i s  methods used and proposed f o r  use i n  N o r t h  America. 
As i s  e v i d e n t  from t h e  v a r i e t y  o f  these methods, t h i s  s ta te -o f - t he -a r t  
ranges from r a t h e r  s imple p o l i c i e s  and methods o f  a n a l y s i s  t o  
r a t h e r  complex and d e t a i l e d  ones. The seven a c t u a l  mu l t i pu rpose  m u l t i p l e -  
r e s e r v o i r  ope ra t i ng  p o l i c i e s  desc r i bed  I n  t h i s  paper i l l u s t r a t e  t h i s  ranae 
o f  p r a c t i c e  - fram s imple  r u l e  curves deno t i ng  i d e a l  s to rage  volumes f o r  each 
r e s e r v o i r  and any necessary d e v i a t i o n s  fran these based on judgment and 
exper ience,  t o  more comprehensive computer programs used t o  determine 
d e t a i l e d  m u l t i p l e - r e s e r v o i r  r e l eases  on a  r e a l - t i m e  bas i s .  
Exper iences o f  agencies r e s p o n s i b l e  f o r  t h e  development and 
use of o p t i m i z a t i o n  and s i m u l a t i o n  models f o r  improv ing mu l t i p l e -pu rpose ,  
m u l t i p l e - r e s e r v o i r  ope ra t i ons  I n  v a r i o u s  r i v e r  bas ins  o f  N o r t h  America a r e  
remarkab ly  s i m i l a r .  A t  t h e  r i s k  of n o t  c i t i n g  a l l  t h e  except ions ,  i t  i s  
p o s s i b l e  t o  summarize t h e  t y p i c a l  problems encountered and t h e  b e n e f i t s  ob- 
t a i n e d  f rom such e f f o r t s .  
1  S imu la t i on  models f o r  d a i l y ,  weekly and month ly  o p e r a t i o n  have been 
found t o  be of va lue  f o r  a i d i n g  i n  assess ing p o s s i b l e  impacts  o f  a l t e r n a t i v e  
o p e r a t i n g  p o l i c i e s  and f o r  f o r e c a s t i n g  t h e  f u t u r e  s t a t e  o f  t h e  system g i ven  
a  s p e c i f i c  o o e r a t i n g  p o l i c y  and p r e d i c t e d  h y d r o l o a i c  c o n d i t i o n s .  
2 .  The s h o r t e r  t he  t ime  i n t e r v a l ,  t h e  l onge r  and more c o s t l y  t he  ccm- 
o u t e r  s imu la t i on .  Because o f  t h e  c o s t  o f  comouting i t  i s  o f t en  necessary 
i n  p lann ing  s t u d i e s  t o  use o n l y  two o r  t h r e e  h y d r o l o g i c  y e a r s  i n s t e a d  o f  t h e  
e n t i r e  h i s t o r i c a l  record ,  o r  s e t s  o f  s y n t h e t i c  f l o w  reco rds ,  f o r  a  more 
thorough a n a l y s i s  of r e s e r v o i r  ope ra t i on .  
3. Optimization models have seen very 1 imited appl i c a t i o n  f o r  mu1 t l p l e -  
r e s e rv o i r  operat ion.  D i f f i c u l t i e s  include model development and c o s t  o f  
s o l u t i on ,  t h e  adequate incl  usion of  uncer ta in  f u t u r e  hydrologic condi t ions ,  
i n a b i l i t y  t o  i d e n t i f y  and quantifL a l l  r e l e v a n t  ob j ec t i ve s ,  and the  need f o r  
b e t t e r  i n t e r a c t i o n  with t h e  user. Nevertheless, t h e r e  i s  t h e  general  f e e l i n g  
t h a t  opt imizat ion techniques a r e  p o t e n t i a l l y  useful  and t h e i r  develqpment 
continues.  
4. 'The development of new q u a n t i t a t i v e  ana ly s i s  methods of ten  t ake s  
many years .  The comnunication problems t h a t  occur between research  ana ly s t s  
and t h e  p r a c t i t i o n e r s  indeveloping and applying t he se  methods a r e  r e a l ,  time- 
consuming, and a f f ec t ed  by i n s t i t u t i o n a l  ba r r i e r s .  As Boston ( 9 )  has wr i t t en ,  
one can . ea s i l y  hear a p r ac t i t i one r  saying: 
"We have met with t he se  ana ly s t s  each week f o r  t h e  pa s t  few 
months and they  s t i l l  do no t  understand our  opera t iona l  
problems. They a r e  more i n t e r e s t e d  in  t h e i r  methods than 
in so lv ing  r e a l  problems." 
"Model development -3kes so  long t h a t  t he  r e s u l t s  won' t  be 
va l id  when and i f  they a r e  ever  ava i  1 able.  " 
" I t  t ake s  a mountain of da t a  t o  run t he  d a i l y  opera t ing  model 
and by t he  time t h e  model i s  run, t h e  fo r eca s t  changes." 
"The models a r e  i n f l ex ib l e .  I have an optimal schedule now and 
need t o  know what t o  do when condi t ions  a r e  o the r  than optimal ."  
"Adapting a purchased software package t o  a real-world problem 
is l i k e  having a screwdriver  and search ing  f o r  a screw t h a t  
i t  wi l l  tu rn ."  
J u s t  a s  c l e a r l y ,  one can hear ana ly s t s  saying: 
"Their  opera t ion  i s  i n e f f i c i e n t . "  
"They do no t  want t o  understand what we a r e  t r y ing  t o  develop." 
"They keepchanging t h e i r  needs-  w i l l  they ever  be ab le  t o  
decide what they  want." 
"Our problem is computer costs. What we need is a larger and 
faster computer." 
"They wanted yesterday solutions to problems they qave us 
today. " 
These and similar cMDnents that all of us have heard, and many of us 
have said, should not hide the fact that both simulation and optimization 
models have been of value to those responsible for the planning and operation 
of mu1 tiple-reservoir systems. Furthermore, their potential ' benefit is even 
greater. But before this benefit can be realized there is still considerable 
need for further research into methods that can define improved multi-purpose 
multiple-reservoir operating policies. These policies must be readily 
adaptable to changing hydrologic, economic and social conditions, and must 
be based on more accurate prwictions of flood or drought conditions than are 
available today. Fulfilling these needs is indeed a challenge to those of 
us involved in the development and application of tools for defining improved 
multi-purpose, multiple-reservoir operatinq poiicies. 
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INTRODUCTION 
On many l a r g e  r i v e r s  i n  t h e  USSR, c a s c a d e s  and hydropower 
p r o j e c t s  have been c o n s t r u c t e d ,  which make s e a s o n a l ,  wi th in - the -  
y e a r  and ca r ry -over  r e d i s t r i b u t i o n  o f  s t r eamf low ( w i t h  r e s p e c t  
mos t ly  t o  t ime  b u t  sometimes t o  s p a c e )  s e r v e  t h e  i n t e r e s t s  of  
d i f f e r e n t  b ranches  of  t h e  n a t i o n a l  economy, e .g . ,  a g r i c u l t u r e ,  
i n d u s t r y ,  wa te r  t r a n s p o r t a t i o n ,  e t c .  
The h i g h  growth r a t e  i n  wa te r  demand, p a r t i c u l a r l y  i n  t h e  
s o u t h  o f  t h e  c o u n t r y ,  a s  w e l l  a s  t h e  g o a l  of  env i ronmenta l  pro- 
t e c t i o n ,  c a l l  f o r  f u r t h e r  i n t e n s i f i c a t i o n  of  h y d r a u l i c  c o n s t r u c -  
t i o n  work. A s  a  r e s u l t ,  new wate r  p r o j e c t s  and more w a t e r  r e -  
s o u r c e  systems a r e  e s t a b l i s h e d  and deve loped ,  and problems of 
unusual  magnitude such a s  t h e  t r a n s f e r  o f  w a t e r  from t h e  n o r t h e r n  
r i v e r s  t o  t h e  s o u t h e r n  r e g i o n s  o f  t h e  c o u n t r y  a r e  c o n s i d e r e d .  
The hydropower p l a n t s  i n  t h e  USSR a r e  complex, mul t ipurpose  
p r o j e c t s ,  which c o n s t i t u t e  b i g  energy sys tems ,  c o v e r i n g  l a r g e  
a r e a s .  Fur thermore,  t h e y  a r e  s t o c h a s t i c  systems,  i n  d v e r y  broad 
s e n s e .  The s t o c h a s t i c  n a t u r e  of t h e s e  systems s tems from: 
1 .  The s t o c h a s t i c  c h a r a c t e r  o f  t h e  main r e s o u r c e s  (s t ream- 
f low o c c u r r e n c e ,  a s  w e l l  a s  measurement e r r o r s ) ;  
2 .  The s t o c h a s t i c  and t h e r e f o r e  u n c e r t a i n  p a t t e r n  o f  wa te r  
use  and wate r  l o s s e s ;  
3 .  U n c e r t a i n t y  i n  some o f  t h e  economic d a t a .  
The above f e a t u r e s  a r e  i n h e r e n t  i n  such systems,  and t h e y  
should  a lways b e  t aken  i n t o  account  when b u i l d i n g  mathematical  
models and a p p l y i n g  o p t i m i z a t i o n  t e c h n i q u e s  f o r  s o l v i n g  problems 
which a r i s e  d u r i n g  R & D  and system o p e r a t i o n .  The s t o c h a s t i c  
n a t u r e  o f  such systems t o  a  l a r g e  e x t e n t  p r e d e f i n e s  t h e  c h o i c e  
o f  c o n t r o l  methods. The c o n t r o l   neth hod^ i n  t u r n ,  depend on 
d i f f e r e n t  c h a r a c t e r i s t i c s  of  t h e  r e s e r v o i r  complex, a s  w e l l  a s  
on t h e  o p e r a t i o n  o f  t h e  energy  and wate r  systems se rved  by t h e  
r e s e r v o i r .  
A few ways o f  c l a s s i f y i n g  t h e  o p e r a t i o n a l  c o n d i t i o n s  o f  
such systems,  t o g e t h e r  w i t h  t h e i r  r e l a t e d  r e s e r v o i r s  a r e  de- 
o c r  ibed  below : 
1 .  C l a s s i f i c a t i o n  w i t h  r e s p e c t  t o  t h e  e x t e n t  o f  s t reamfiow 
r e g u l a t i o n  by t h e  r e s e r v o i r s .  A low l e v e l  o f  such con- 
t r o l  i s  c a l l e d  p a s s i v e  c o n t r o l  (Aturiri  and Reznikovsky 
1976), i . e . ,  when t h e  r e s e r v o i r s  o f  t h e  complex have 
p r a c t i c a l l y  no s t o r a g e  c a p a b i l i t y .  I n  wate r  and energy  
systems,  t h e  f o l l o w i n g  measures may b e  c o n s i d e r e d  a s  
examples of  p a s s i v e  c o n t r o l :  
a .  F o r e c a s t i n g  t h e  s y s t e m ' s  o p e r a t i o n  under d i f f e r e n t  
wa te r  a v a i l a b i l i t y  c o n d i t i o n s ,  and f o r  d i f f e r e n t  
l e v e l s  o f  development.  
b.  Def in ing  t h e  p o l i c y  of  s e t t i n g  t h e  l i m i t s  on and 
p r i o r i t i e s  o f  t h e  u s e  o f  s c a r c e  wate r  r e s o u r c e s ,  i n  
c o n f l i c t  s i t u a t i o n s .  Th is  t y p e  o f  c o n t r o l  i s  q u i t e  
b r o a d l y  used i n  wate r  management p r a c t i c e  i n  d i f -  
f e r e n t  c o u n t r i e s .  However, it cannot  s a t i s f y  a  
s t a b l e ,  a  f o r t i o r i ,  growing wate r  demand. 
A c t i v e  c o n t r o l  may b e  s h o r t - r a n g e  ( d a i l y ,  weekly ,  m o n t h l y ) ,  
s e a s o n a l  and long- range  ( a n n u a l ) .  The upper  l i m i t  o f  
such s t r eamf low c o n t r o l  i s  f u l l  c o n t r o i  on  a n  a n n u a l  
b a s i s ,  when r e s e r v o i r  y i e l d  i s  c l o s e  t o  t h e  mean a n n u a l  
r i v e r  f low.  
2.  C l a s s i f i c a t i o n  c n  t h e  b a s i s  o f  d i s b a l a n c c  i n  t h e  sys tem,  
which may b e  e x c e s s i v e ,  b a l a n c e d ,  o r  d e f i c i e n t .  
3.  C l a s s i f i c a t i o c  w i t h  r e s p e c t  t o  t h e  l e v e l  o f  development .  
Depending on t h e  l e v e l  o f  development ,  r e s e r v o i r  c o n t r o l  
problems may b e  problems o f  d e s i g n  o r  else o f  o p e r a t i o n a i  
c o n t r o l .  I n  t h e  fo rmer  c a s e ,  t h e  sys t e ins '  p a r a m e t e r s ,  
i r l c lud ing  t h e  reservoir & a p a c i t i e s  and t h e i r  o p e r a t i n g  
r u l e s  have  t o  be  d e f i n e d .  I n  t h e  l a t t e r  i n s t a n c e ,  when 
t i l e  s y s t e m  a l r e a d y  exis t s ,  w e  have  a  w a t e r  nlanagement 
problem of  a n  o p e r a t i o n a l  c h a r a c t e r .  I f  d e s i g n  and  i m -  
p l e m e n t a t i o n  a r e  c o r r e c t ,  t h e  r e s e r v o i r  o p e r a t i n g  r u l e s  
s t i p u l a t e d  i n  t h e  p r o j e c t  d e s i g n  a r e  v a l i d  d u r i n g  a  
c e r t a i n  p e r i o d  o f  t i m e .  
4 .  C l a s s i f i c a t i o n  a c c o r d i n g  t o  t h e  p u r p o s e s  t h e  r e s e r v o i r  
is t o  s e r v e .  The r e a s o n s  f o r  c o n s t r u c t i n g  a  r e s e r v o i r  
may i n c l u d e  ( K r i t c k y  and Menkel 1952) : ( a )  p r o v i d i n g  
( w i t h  a  v e r y  h i g h  d e g r e e  o f  r e l i a b i l i t y )  t h e  p h y s i c a l  
s e c u r i t y  o f  downstream c o n s t r u c t i o n s ,  and f l o o d  c o n t r o l ;  
(b) p r o v i d i n g  f o r  a  c e r t a i n  g u a r a n t e e d  minimum w a t e r  
and e n e r g y  s u p p l y  w i t h  t h e  r e l i a b i l i t y  r e q u i r e d  by d i f -  
f e r e n t  w a t e r  u s e r s :  ( c )  p r o v i d i n g  f o r  t h e  maximum u s e  o f  
s t r eamf low.  
I n  complex w a t e r  s y s t e m s ,  t h e s e  t h r e e  p u r p o s e s  a r e  usu- 
a l l y  combined,  though t o  s o a e  e x t e n t ,  :hey c o n f l i c t  
w i t h  each  o t h e r .  For  c o n f l i c t  r e s o l u t i o n ,  it i s  neces -  
s a r y  t o  u s e  m u l t i - c r i t e r i o n  o b j e c t i v e s  o r  else t o  u s e  a  
p r i o r i t y  s c a l e .  
I n  t h e  USS?., s a f e t y  f e a t u r e s  and  f l o o d  c o n t r o l  u s u a l l y  
dominate  a l l  o t h e r  o b j e c t i v e s  ( K r i t c k y  and Menkel 1952) ,  
w h i l e  p r o v i s i o n  o f  a n  e n s u r e d ,  n~inimum s u p p l y  ( f i r m  
y i e l d )  t a k e s  p r i o r i t y  o v e r  t h e  maximum u s e  o f  s t r eam-  
f low.  
S i m i l a r i i y ,  wi th  a  s i n g l e  o b j e c t i v e  (depending on  t h e  
c h a r a c t e r i s t i c s  o f  wa te r  use o r  cansumption i n  a  r e g i o n )  
it u s a a l l y  t u r n s  o u t  t o  be p o s s i b l e  t o  i d e n t i f y  t h e  
sequence i n  which t h e  demands o f  d i f f e r e n t  wa te r  u s e r s  
a r e  m e t  i n  o r d e r  t o  s e t  t h e  l i m i t s  on  supply  when wate r  
i s  s c a r c e ,  o r  else t o  f i n d  a  p o l i c y  f o r  t h e  u s e  o f  s u r -  
p l u s  water  (secondary y i e l d s )  . 
I n  t h e  USSR, v a r i o u s  computa t iona l  t e c h n i q u e s ,  methods and 
p r i n c i p l e s  a r e  used ( K r i t c k y  and Menkel 1952;  Tsvetkov 1967;  
Reznikovsky and Rubins te in  197Q;  A t u r i n  and Xeznikovsky 1976)  
f o r  deve lop ing  r e s e r v o i r  o p e r a t i n g  r u l e s ,  depending on  t h e  con- 
d i t i o n s  and c h a r a c t e r i s t i c s  l i s t e d  above. The c h o i c e  of  t h e s e ,  
a s  w e l l  a s  t h e  necessa ry  i n i t i a l  i n f o r m a t i o n ,  i n  p a r t i c u l a r  t h e  
h y d r o l o g i c a l  d a t a ,  is t o  a  l a r g e  e x t e n t  d e f i n e d  by t h e  problem 
t o  be s o l v e d ,  and by i t s  p l a c e  i n  t h e  above c l a s s i f i c a t i o n .  For 
example, a p a r t  from a n  u n c o n d i t i o n a l  d i s t r i i i u t i o n  c u r v e  f o r  s h o r t -  
r ange  p a s s i v e  c o n t r o i  o f  s t reamflow,  s h o r t - r a n g e  s t reamflow fore -  
c a s t s  (which a r e  u s u a l l y  s u f f i c i e n t l y  r e l i a b l e )  a r e  wide ly  used 
a t  b o t h  t h e  d e s i g n  and o p e r a t i o n  s t a g e s .  For s e a s o n a l  s t reamf low 
r e g u l a t i o n ,  a t  bo th  d e s i g n  and o p e r a t i o n  s t a g e s ,  long-range 
s t reamflow f o r e c a s t s  a s  w e l l  a s  f i e l d  o b s e r v a t i o n  d a t a  i n  t e rms  
of  m u l t i v a r i a t e  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n s  a r e  used.  For 
carry-over  s t reamflow r e g u i a t i o n ,  t h e  most impor tan t  in format ion  
would b e ,  a t  bo th  s t a g e s ,  t h e  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t i o n s .  
The h y d r o l o g i c a l  d a t a  a v e r a g i n g  i n t e r v a l s  a r e  a l s o  d i f f e r e n t .  
I f ,  f o r  shor t - range  s t reamflow r e g u l a t i o n  a s  w e l l  a s  f o r  f i o o d  
c o n t r o l ,  h o u r l y ,  d a i l y ,  and l e s s  o f t e n ,  weekly i n t e r v a l s  a r e  used ,  
t h e n  f o r  s e a s o n a l  r e g u l a t i o n ,  weekly and monthly i n t e r v a l s  may 
be used. For long-range s t reamflow c o n t r o l  problems, t h e  l e n g t h  
of  t h e  i n t e r v a l  m y  even be a  y e a r .  
I t  should  a l s o  b e  noted t h a t  t h e  more d e f i c i e n t  i n  wate r  
t h e  systeni is,  and t h e  more conplex  and d e t a i l e d  t h e  c o n t r o l  
measures,  t h e  more p r e c i s e  and r e l i a b l e  t h e  methods f o r  deve lop ing  
o p e r a t i o n  r u l e s  should be. For b e t t e r  r e s u l t s  i n  t h e  desigri  and 
f u n c t i o n  of complex wate r  systems,  t h e  development o f  mathematical  
models of  wa te r  systems c o n t r o l  now becomes v e r y  i m p o r t a n t .  During 
a c t u a l  o p e r a t i o n ,  such models h e l p  t o  o b t a i n  d e f i n i t e  recommen- 
d a t i o n s  on o p e r a t i n g  r u l e  c u r v e s ,  w h i l e  d u r i n g  t h e  d e s i g n  s t a g e  
o f  a  p r o j e c t ,  models a r e  used f o r  computer s i m u l a t i o n  of  t h e  
f u t u r e  o p e r a t i o n  of  a system,  which t h e n  l e a d s  t o  b e t t e r  d e s i g n  
d e c i s i o n s .  
Due t o  t h e  f a c t  t h a t  i n  many r e g i o n s  o f  t h e  g l o b e ,  i n c l u d i n g  
t h e  USSR, w a t e r  manhgement problems have become more arid more 
a c u t e ,  more r e f i n e d  models,  a s  w e l l  a s  newer r e s e r v o i r  c o n t r o l  
methods a r e  be ing  developed.  
The need t o  p r o t e c t  t h e  wa te r  r e s o u r c e s  of  l a r g e  r i v e r  b a s i n s  
and t h e  complex u s e  of  such  r e s o u r c e s  g e n e r a t e  a  v a r i e t y  o f  prob- 
lems, which i n  t u r n  n e c e s s i t a t e s  p r o c e s s i n g  o f  enormous amounts 
of  i n f o r m a t i o n .  To cope w i t h  t h i s  s i t u a t i o n ,  a  new approach t o  
t h e  problems of  p lann ing  and c o n t r o l  of  wa te r  sys tems  (WS) of  
l a r g e  r i v e r  b a s i n s  i s  needed. 
A s  a  nie thodological  f o u n d a t i o n  f o r  s t u d y i n g  t h e  f u n c t i o n i n g  
and development o f  WS i n  l a r g e  r i v e r  b a s i n s ,  a  systems a n a l y s i s  
p r i n c i p l e  i s  used,  which i n c l u d e s  t h e  development o f  a n  i n t e r -  
l i n k e d  system of  mathemat ical  models,  and which makes p o s s i b l e  
numerous c a i c u l a t i o n s  f o r  d i f f e r e n t  env i ronmenta l  c o n d i t i o n s ,  
w h i l e  t a k i n g  i n t o  accoun t  i n d i v i d u a l  f e a t u r e s  o f  t h e  WS. The 
p e c u l i a r  f e a t u r e s  of  WS i n  l a r g e  r i v e r  b a s i n s  c r e a t e  c o n s i d e r a b l e  
d i f f i c u l t i e s  i n  modeling, which have r e c e n t l y  l e d  t o  t h e  u s e  o f  
s i m u l a t i o n  models of  KS. 
A s i m u l a t i o n  model of a  l a r g e  WS w i t h  i n f o r m a t i o n  a n o u t  t h e  
s i t e s  and f e a t u r e s  of wa te r  s o u r c e s ,  a l l  w a t e r  demands, and s i t e s  
and c h a r a c t e r i s t i c s  o f  a l l  wa te r  p r o j e c t s  a s  i n p u t ,  produces  a s  
i t s  o u t p u t  operating p a t t e r n s  f o r  a l l  w a t e r  p r o j e c t s  and t h e  sys -  
tem a s  a  whole. Thus, t h e  e s s e n c e  of  u s i n g  a  s i i n u l a t i o n  model 
of  a  WS c o n s i s t s  i n  s u b s t i t u t i n g  a  f i e l d  exper iment  by a  computer 
run ,  where t h e  f u n c t i o n i n g  of  a  r e a l  WS is  r a p r e s e n t e d  by a  com- 
p u t e r  s i m u l a t i o n .  Such a  s i m u l a t i o n  system a l s o  s e r v e s  a s  a  t o o l  
f a r  c o n t r o l l i n g  t h e  WS o f  a  r i v s r  b a s i n ,  f o r  it a l l o w s  a n a l y s i s  
o f  t h e  consequences  of implementing d i f f e r e r t  a l t e r n a t i v e  d e c i s i o n s .  
Let  u s  c o n s i d e r  a  r a t h e r  g e n e r a l  ma themat ica l  model o f  tem- 
p o r a l  and s p a t i a l  s t reamflow r e d i s t r i b u t i o n ,  i n  a  main f l u v i a l  
r i v e r  b a s i n  network, i n c l u d i n g  r e s e r v o i r  c a s c a d e s .  I n  t h i s  model 
w a t e r  movement i n  t h e  f l u v i a l  network i s  d e s c r i b e d ,  and s t ream- 
f low r e d i s t r i b u t i o n  aimed a t  meet ing v a r i o u s ,  and o f t e n  c o n f l i c t i n g ,  
u s e r  demands ( s u b j e c t  t o  c e r t a i n  o p t i m a l i t y  c r i t e r i a )  is sought .  
T h i s  model is  t h e  h e a r t  o f  a  g e n e r a l  systein o f  models d e s c r i b i n g  
t h e  o p e r a t i o n  and c o n t r o l  o f  a  w a t e r  system,  and models d e s c r i b i n g  
d i f f e r e n t  branchea o f  t h e  n a t i o n a l  economy, a s  w e l l  a s  models o f  
t h e  s e a  a r e  l i n k e d  t o  it. 
Although a  number of c o n p u t e r i z e d  models f o r  o p t i m i z i n g  t h e  
o p e r a t i o n  o f  complax c a s c a d e s  o f  hydropower s t a t i o n s  have been 
developed i n  t h e  USSR, t h e  o n e s  most wide ly  used i n  e v e r y  day  
p r a c t i c e  a r e  t h o s e  marked w i t h  "PK" ( c a s c a d e  c a l c u l a t i o n s j  
(Tsvetkov 1967; Kuzrnin e t  a l .  1 9 7 7 ) .  The "PK" codes  may be  
a p p l i e d  t o  any c a s c a d e  o f  hydropower p l a n t s  and even t o  t h e  
modeling o f  groups o f  c a s c a d e s  ( u p  t o  20 j o i n t l y  f u n c t i o n i n g  
hydropower s t a t i o n s  l o c a t e d  i n  o n e  o r  many c h a n n e l s ) .  These 
c o d e s  a r e  o r i e n t e d  toward a  d e t e r m i n i s t i c  i n p u t  d a t a  concern ing  
streaxnflow, w a t e r  demands, e t c .  S a c c e s s i v e  c o r r e c t i o n s  a r e  used 
t o  update  t h e  f o r e c a s t s  s o  a s  t o  f i t  t h e  o b s e r v a t i o n s .  I n  t h e  
"PK" codes ,  a  r e g u  a t i o n  period--a y e a r  o r  more--is subd iv ided  
i n t o  d i s c r e t e  i n t e r v a l s  of 10 d a y s ,  a  month, o r  a  few months. 
The w a t e r  b a l a n c e  e q u a t i o n s  have t h e  form: 
W . .  = w  - - ( i + l )  j + (Qpij - Qraci j  Q x c i ,  Queni, - 1 I  
where 
Q . .  - is t h e  t o t a l  in f low t o  j - t h  hydropower s t a t i o n s  (HPS) 
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r e s e r v o i r  d u r i n g  i - t h  t ime  i n t e r v a l ;  
Qiaci j l  Q::cijl Queni Qwi Qyi Qsai - a r e  Water d i s c h a r g e s  
through HPS, t h e  dam, e v a p o r a t i o n ,  n a v i g a t i o n  l o c k i n g ,  
sewage,  and u s e ,  r e s p e c t i v e l y ;  
rl - a r e  t h e  numbers o f  t h e  u p s t r e a m  iIPS a d j o i n i n g  t h e  j - t n  
one  ; 
T .  - t r a n s i t i o n  t i m e  f o r  j - t h a n d  ( j i 1 ) - t h c a s c a d e  s t a g e s ;  
1 I  
W . .  1 1 '  ' ( i + I )  j  - j - t h  r e s e r v o i r  c a p a c i t y  a t  t h e  b e g i n n i n g  and  t h e  
end o f  i - t h  t i m e  i n t e r v a l  r e s p e c t i v e l y ,  
i - t h e  t i m e  i n t e r v a l .  
D e s p i t e  t h e  f a c t  t h a t  t h e  c o d e  d e a l s  w i t h  s t a t i c  c a p a c i t i e s ,  
t h e  i n t r o d u c t i o n  o f  t r a n s i t i o n  t i m e s  ( T s v e t k o v  1967) d e s c r i b e s  a s  
a  rough  a p p r o x i m a t i o n  t h e  r e s e r v o i r  c a p a c i t y  dynamics .  The o p t i -  
m a l i t y  c r i t e r i a  i n  t h i s  c o d e  a r e  f o r m u l a t e d  i n  terms o f  e n e r g y  
p roduc t ion - -max imiza t ion  o f  HPS power o u t p u t .  I n  a d d i t i o n ,  more 
complex  c r i t e r i a ,  d e a l i n g  w i t h  a l l  power p l a n t s  o f  t h e  e n e r g y  
s y s t e m  and o r i e n t e d  toward  m i n i m i z a t i o n  o f  t h e  t o t a l  f u e l  con- 
sumpt ion  by t h e  t h e r m a l  power p l a n t s  a r e  u s e d .  
The demands o f  non-energy w a t e r  u s e r s  a n d  consumers  a r e  
r e f l e c t e d  i n  t h e  c o n s t r a i n t s ,  whe re  t h e  l o w e s t  a d m i s s i b l e  w a t e r  
l e v e l  a l o n g  t h e  e n t i r e  l e n g t h  o f  t h e  r i v e r ,  a n d  w a t e r  r e l e a s e s  
n e c e s s a r y  f o r  f i s h - b r e e d i n g  and  i r r i g a t i o n ,  a s  w e l l  a s  o t h e r  
c o n s t r a i n t s ,  a r e  e x p l i c i t l y  d e s c r i b e d .  The c o n s t r a i n t s  a l s o  
i n c l u d e  some e n e r g y - r e i a t e d  o p e r a t i o n a l  c o n d i t i o n s ,  e . g . ,  peak 
a n d  i n t e r m e d i a t e  power o u t p u t  o f  hydropower s t a t i o n s ,  c a p a c i t y  
o f  electricity t r a n s m i s s i o n  l i n e s ,  etc.  
F o r  f i n d i n g  t h e  o p t i m a l  s o l u t i o n ,  t h e  p r o j e c t e d  g r a d i e n t  
method i s  used  i n  t h e s e  c o d e s  (Kuzmin e t  a l .  1 9 7 7 ) .  
The "PK" c o d e s  have  been  u s e d  i n  t h e  USSR f o r  a  number o f  
y e a r s  i n  d a i i y  p r a c t i c e ,  f o r  c o n t r o l  o f  l a r g e  HFS c a s c a d e s .  
Us ing  t h e s e  r o u t i n e s  a t  t h e  d e s i g n  s t a g e  f o r  d e t e r m i n i s t i c  c a l -  
c u l a t i o n s  w i t h  a  hyd rog raph  serlcs, one  c a n  o b t a i n  r e g u l a r  d i s -  
p a t c h e r  o p e r a t i n g  r u l e  c u r v e s ,  e . g . ,  w i t h  t h c  h e i p  o f  r e g r e s s i o n  
a n a l y s i s .  However, i n  a e s l g n  p r a c t i c e  i r i  t h e  USSR, o t h e r  d i s -  
p a t c h e r  r u l e s  h a v e  become much more w i d e l y  u s e d .  These  r u l e s  
a r e  now r e f e r r e d  t o  a s  h e u r i s t i c ,  a n d  t h e i r  a e t h i l e d  d e s c r i p t i o n  
is  g i v e n  i n  K r i t c k y  a n d  Menkel ( : 9 5 2 ) , a n d  Reznikovsky a n d  
R u b i n s t e i n  (1974)  . 
S i ~ n u l a t i o n  o f  a  sys tem 's  behav ior  under  d i f f e r e n t  hydro log i -  
c a l  c o n d i t i o n s ,  and development of  t h e  h e u r i s t i c  r u l e s  f o r  v a r y i n g  
pa ramete r s  o f  t h e  system a r e  u s u a l l y  computer ized.  So even i n  
t h e  e a r l y  s t a g e s  o f  system d e s i g n  it is  p o s s i b l e  t o  t a k e  f u t u r e  
working c o n d i t i o n s ,  such a s  dynamic r e s e r v o i r  c a p a c i t i e s ,  s a n i -  
t a r y  c o n s t r a i n t s ,  e t c . ,  i n t o  a c c o u n t .  
It i s  * i p p r o p r i a t e  t o  g i v e  h e r e  a  s h o r t  r ev iew o f  t h e  e x i s t i n g  
c a s c a d e  c o n t r o l  methods,  u s i n g  a s  a n  example some r e s e r v o i r  cas -  
c a d e s  which e x i s t  o r  a r e  under c o n s t r u c t i o n  i n  t h e  USSR. 
THE ANGhRA-ENISEI CASCADE 
The E n i s e i  is t h e  b i g g e s t  r i v e r  i n  t h e  USSR. Its b a s i n  
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a r e a  approaches  2 .5  m i l l i o n  km , w h i l e  mean annua l  s t r eamf low 
i s  585 km3. The t o t a l  l e n g t h  o f  t h e  r i v e r  b a s i n  is a lmos t  
90,000 km. The t h e o r e t i c a l l y  p o s s i b l e  h y d r o e l e c t r i c  p o t e n t i a l  
of  t h i s  r i v e r  i s  c l o s e  t o  600 b i l l i o n  kwh/year (Voznesensky 1967) .  
S i x  h y d r o e l e c t r i c  p l a n t s ,  w i t h  a  t o t a l  i n s t a i l e d  c a p a c i t y  of 
o v e r  10 m i l l l o n  kw and a  mean annua l  o u t p u t  o f  a b o u t  70 b i l l i o n  
kwh (Dimitrevsky 1962) ,  a r e  schedu led  t o  b e  b u i l t  on t h e  Angara 
r i v e r .  
A c h a r a c t e r i s t i c  f e a t u r e  o f  t h i s  cascade  is  t h e  v e r y  h i g h  
d e g r e e  o f  s t r eamf low r e g u l a t i o n  made p o s s i b l e  by c o n s t r u c t i o n  
o f  t h e  b r a t s k  r e s e r v o i r ,  and damning of  t h e  B a i k a l  l a k e .  
The Anqara 's  energy  r e s o u r c e s  w e r e  t apped  by b u i l d i n g  t h e  
h y d r o e l e c t r i c  p l a n t  w i t h  a n  i n s t a l l e d  c a p a c i t y  o f  660 tfW i n  t h e  
upper  reach  o f  t h e  r i v e r .  The n e x t  s t e p  was t h e ' c o n s t r u c t i o n  
of  t h e  B r a t s k  HPS w i t h  a  c a p a c i t y  o f  4,100 MQ. C o n s t r u c t i o n  o f  
t h e  t h i r d  s t a g e  o f  t h e  cascade  ( U s t ' - I l i m  Power P l a n t )  is  now 
c l o s e  t o  comple t ion .  I n  i ts  f i r s t  phase  it w i l l  have t h e  in -  
s t a l l e d  c a p a c i t y  o f  3600 MW. The t o t a l  annua l  energy  o u t p u t  of  
t h e s e  t h r e e  Angara hydropower s t a t i o n s  w i l l  be  c l o s e  t o  50 b i l l i o n  
kwh (Dimitrevsky i 9 6 2 ) .  The f o u r t h  s t a g e  o f  t h e  cascade--  
Boguchanovskaya hydropower p l a n t - - i s  c u r r e n t l y  urider c o n s t r u c t i o n .  
Its i n s t a l l e d  c a p a c i t y  w i l l  be  4000 MW, and  mean annua l  o u t p u t  
17.8 b i l l i o n  kwh. 
On t h e  E n i s e i  r i v e r ,  t h e  Krasnoya r sk  HPS h a s  a l s o  been  p u t  
i n t o  o p e r a t i o n ;  its i n s t a l l e d  c a p h c i t y  is 6000 MW, a n d  t h e  mean 
a n n u a l  o u t p u t  is  20 b i l l i o n  kwh. The Sayano-Sswshenskaya BPS, 
w i t h  a  6400 biW i n s t a l i e d  c a p a c i t y  and 23.5  b i l l i o n  mean a n n u a l  
o u t p u t  i s  b e i n g  b u i l t  (Voznesensky 1 9 6 7 ) .  E n i s e i ,  I g a r  and 
o t h e r  hydropower p l a n t s  a r e  i n  t h e  d e s i g n  s t a g e .  Resea rch  o n  
t h e  p o s s i b i l i t y  o f  b u i l d i n g  l a r g e  power p l a n t s  on  lower  r e a c h  
t r i b u t a r i e s  o f  t h e  E n i s e i  is g o i n g  on.  Resea rch  o n  t h e  j o i n t  
o p e r a t i o n  o f  t h e  Angara and  E n i s e i  hydropower p l a n t s  i n  t h e  
S i b e r i a n  e n e r g y  s y s t e m  i s  o f  p a r t i c u l a r  i n t e r e s t .  
Working f rom t h e  f a c t  t h a t  t n e  n a t u r a l ,  u n r e g u l a t e d  s t r eam-  
f l o w s  o f  t h e  Angara a n d  E n i s e i  a r e  a synchronous  a n d  t h a t  t h e s e  
a r e  d i f f e r e n c e s  i n  t h e  r e g u l a t i n g  c a p a b i l i t i e s  o f  t h e i r  reser- 
v o i r s ,  s p e c i a l  r u i e s  f o r  o p e r a t i o n  o f  t h e s e  power p l a n t s  were  
d e v e l o p e d .  These  r u l e s  were  c a l l e d  " I n t e r b a s i n  E l e c t r i c i t y  
Compensation Regu ia t io l l "  ; t h e y  a r e  u s e d  f o r  r e g u l a t i o n  o f  t h e  
hydropower p l a n t s '  e n e r g y  o u t p u t .  I n  a c c o r d a n c e  w i t h  t h e  r u l e s ,  
t h e  u p s t r e a m  E n i s e i  HPS which had r a t h e r  weak r e s e r v o i r  r e g u l a t i n g  
c a p a b i l i t i e s  was a s s i g n e d  t o  a  l ower  l e v e l  i n  t h e  c o n t r o l  h i e r -  
a r c h y ,  and  it was a l l o w e d  t o  o p e r a t e  s o  a s  t o  o p t i m i z e  use  o f  
t h e  E n i s e i  s t r e a m f l o w .  The Angara HPS c o n s t i t u t e d  t h e  uppe r  
l e v e l  i n  t h e  c o n t r o l  h i e r a r c h y .  These  two p l a y  a  compensa t ing  
r o l e  by r a i s i n g  t h e  f l u c t a a t i n g  o u t p u t  o f  t h e  E n i s e i  hydropower 
s t a t i o n s  up t o  t h e  v a l u e  g u a r a n t e e d  t o  t h e  sys t em w i t h  a  c e r t a i n  
r e l i a b i l i t y  (Reznikovsky 1969) .  As a  r e s u l t ,  t h e  o v e r a l l  gua r -  
a n t e e d  o u t p u t  o f  t h e  Angara -En i se i  c a s c a d e  was r a i s e d  c o n s i d e r -  
a b l y .  Fo r  example ,  t h e  i n c r e a s e  i n  t h e  g u a r a n t e e d  o u t p u t  o f  
o n l y  t h r e e  HPS o f  t h e  c a s c a d e  e x c e e d s  500 blW. T h i s  c a u s e d  a  
d e c r e a s e  i n  t h e  c a p a c i t i e s  o f  t h e  t h e r m a l  power p l a n t s  by t h i s  
v a l u e ,  which  s a v e d  t e n s  o f  m i l l i o n s  o f  r u b l e s .  When e i g h t  hydro- 
power p l a n t s  a r e  i n  o p e r a t i o n ,  t h i s  v a l u e  w i l l  i n c r e a s e  by a  
f a c t o r  o f  t h r e e  (Reznikovsky 1 9 6 9 ) .  One s h o u l d  n o t  f o r g e t ,  how- 
e v e r ,  t h a t  w a t e r  r e s o u r c e s  o f  t h e  Angara and E n i s e i  a r e  used  n o t  
o n l y  f o r  e l e c t r i c i t y  p r o d u c t i o n ,  b u t  f o r  w a t e r  t r a n s p o r t ,  w a t e r  
s u p p l y ,  and  r e c e n t l y  a l s o  f o r  r e c r e a t i o n .  The r e s e r v o i r  o p e r a t i n g  
r u l e  c u r v e s  f o r  t h i s  c a s c a d e  t a k e  i n t o  a c c o u n t  t h e  need t o  s a t i s f y  
t h e  demands o f  t h e s e  u s e r s  w i t h  a  g i v e n  r e l i a b i l i t y .  Thus ,  e v e n  
a t  t h e  d e s i g n  s t a g e  o f  t h e  Angara -En i se i  hydropower p l a n t s  and 
r e s e r v o i r s ,  t h e  sys t ems  approach  was w i d e l y  used.  T h i s  h e l p e d  
t o  d e a l  w i t h  t h e  problem by t a k i n g  i n t o  c o n s i d e r a t i o n  a  v a r i e t y  
o f  e n v i r o n m e n t a l ,  t e c h n i c a l ,  and economic f a c t o r s  which i n f l u e n c e d  
t h e  e f f e c t i v e n e s s  o f  HPS o p e r a t i o n  i n  t h e  complex w a t e r  and e n e r g y  
s y s t e m  o f  S i b e r i a .  
The u s e  o f  t h e  sys t ems  approach  i n  o p e r a t i n g  t h e  hydropower 
p l a n t s  i n  t h i s  r e g i o n  r a i s e d  t h e i r  economic e f f e c t i v e n e s s .  To- 
g e t h e r  w i t h  t r a d i t i o n a l  methods ,  new t e c h n i q u e s  deve loped  r e c e n t l y  
were  employed. The methods o f  s t a t i s t i c a l  model ing o f  s t r eam-  
f low,  d e v e l o p e d  s p e c i a l l y  f o r  t h e  Angara-Enise i  c a s c a d e  a r e  
d e s c r i b e d  i n  t h e  l i t e r a t u r e  (Reznikovsky 1969, and Reznikovsky 
and R u b i n s t e i n  1 9 7 4 ) ,  and  a r e  now i n  c o n s t a n t  u s e  i n  d e s i g n i n g  
o t h e r  c a s c a d e s .  Techn iques  were  deve loped  f o r  long- range  ope r -  
a t i n g  c o n t r o l  o f  hydropower s t a t i o n s  t h a t  have been used  f o r  a  
number o f  y e a r s .  These  t e c h n i q u e s  a l l o w  implemen ta t ion  o f  o p t i -  
mal o p e r a t i n g  r u l e s  d e f i n e d  a t  t h e  d e s i g n  s t a g e .  I t  s h o u l d  b e  
n o t e d  t h a t  t h e  o p t i m a l i t y  c r i t e r i a  a r e  r a t h e r  s o p h i s t i c a t e d .  
For  o p t i m i z a t i o n  o f  a  m u l t i - d i m e n s i o n a l  o b j e c t i v e  f u n c t i o n ,  d i f -  
f e r e n t  i t e r a t i v e  mi-thods a r e  used ,  i n c l u d i n g  g r a d i e n t  methods,  
dynamic programming a p p r o a c h ,  e t c .  For  d e d u c i n g  r e g u l a r  ope r -  
a t i n g  r u l e s  f rom o p t i m a l  s o l u t i o n s ,  v a r i o u s  h e u r i s t i c  and r e g r e s -  
s i o n  methods a r e  a p p l i e d .  
i n  o r d e r  t o  r e d u c e  t h e  d i m e n s i o n a l i t y  o f  t h e  o p t i m a l  con- 
t r o l  problems ( i n i t i a l l y  f o r  t h e  Angara-Enise i  c a s c a d e  o f  HPS) t h e  
p r i n c i p l e s  a a d  p r a c t i c a l  t e c h n i q u e s  o f  h i e r a r c h i c a l  c o n t r o l  were  
deve loped  (Reznikovsky and R u b i n s t e i n  1 9 7 4 ) .  The i ~ t r o d u c t i o n  
o f  t h e  h i e r a r c h i c a l  s t r u c t u r e  makes it p o s s i b l e  t o  d e c e n t r a l i z e  
t o  a  l a r g e  e x t e n t ,  t h e  probleni o f  o p e r a t i o n a l  HPS c o n t r o l  f o r  
some hydropower p i a n t s .  It makes t h e s e  problems p a r t l y  autonomous,  
w i t h o u t  p r a c t i c a i l y  any l o s s  o f  b e n e f i t  i n  j o i n t  HPS o p e r a t i o n  
(Reznikovsky 1969, and Reznikovsky and R u b i n s t e i n  1974) .  
Recen t ly ,  f o r  o p e r a t i o n a l  c o n t r o l  o f  t h e  Angara-Enisei  hydro- 
power p l a n t s ,  an a t t e m p t  t o  u s e  a  new branch o f  p r o t a b i l i t y  
theory- - the  t h e o r y  of c o n t r o l l a b l e  s t o c h a s t i c  processes--was 
made. I n  such an approach,  t h e  main r e l a t i o n  is a s t o c h a s t i c  
d i f f e r e n t i a l  e q u a t i o n  o f  w a t e r  b a l a n c e .  The s t reanif low is  ap- 
proxirnated by a  c o n t i n u o u s  harmonizable  Markov p r o c e s s .  The 
a n a l y t i c a l  d e s c r i p t i o n  o f  s t r eamf low is  g i v e n  by an a u t o r e g r e s s i o n  
e q u a t i o n  i n  t r a n s f o r m a t i o n s  o f  s t r eamf low v a l u e s ,  which f i t  w i t h  
t h e  Gaussian d i s t r i b u t i o n .  The c o n s t r a i n t s  on c o n t r o l  a r e  
t r e a t e d  by p e n a l t y  f u n c t i o n ,  and t h e  t y p e  of f u n c t i o n s  depend 
on t h e  a v a i l a b i l i t y  l e v e l  o f  t h e  c o n s t r a i r i t s .  
The sys tem of  s t o c h a s t i c  d i f f e r e n t i a l  e q u a t i o n s  d e s c r i b i n g  
t h e  Angara-Enisei  HPS c a s c a d e ,  t h e  o b j e c t i v e  f u n c t i o n  ana c o n t r o l  
have been l i n e a r i z e d  piece-wise .  T h i s  h a s  a l lowed  a  r e d u c t i o n  
o f  t h e  o p t h a i  c o n t r o l  problem t o  t h e  s o l u t i o n  o f  t h e  m a t r i x  
h i c c a t i  e q u a t i o n  of a  s m a l l  d imension (Reznikovsky and R u b l n s t e i n  
1 9 7 4 )  . 
THE VOLGA-KAIblA CASCADE 
T h i s  cascade  i n c l u d e s  9 hydropower p l a n t s ,  w i t h  two more 
under c o n s t r u c t i o n .  The c a s c a d e  o f  r e s e r v o i r s  p r o v i d e s  w i t h i n -  
the -year  strr?amflow r e g u l a t i o n .  The main w a t e r  u s e r s  i n  t h e  
Volga b a s i n  a r e  t h e  hydropower p l a n t s ,  w a t e r  t r a n s p o r t ,  f i s h e r y ,  
irrigation, and i n d u s t r i e s .  The hydropower p l a n t s  have impor tan t  
f u n c t i o n s :  t h e y  a r e  t h e  s o u r c e  o f  e l e c t r i c a l  power and c o v e r  
peak- load demand, t h e y  r e g u l a t e  t h e  f requency  i n  t h e  energy  sys tem 
and p r o v i d e  t h e  maneuverable  b l a c k o u t  r e s e r v e .  C o n s t r u c t i o n  o f  
t h e  r e s e r v o i r s  on t h e  Volga r i v e r ,  Volga-Don Canal a s  w e l l  a s  
t h e  r e c o n s t r u c t i o n  o f  t h e  Volga-Bal t ic  waterway have t u r n e d  t h e  
Volga i n t o  a  deep-water t r a n s p o r t  r o u t e  which is  c o n s t a n t l y  i n  
use .    he r e s e r v o i r  c o n s t r u c t i o n  progrem prov ided  f o r  i n t e n s i f i -  
c a t i o n  of t h e  i r r i g a t e d  a g r i c u l t n r e  i n  t h e  v a l l e y .  F i s h e r y  is 
a l s o  a  v e r y  i m p o r t a n t  w a t e r  u s e r  i n  t h e  sys tem;  5 0 %  of  t h e  coun- 
t r y ' s  t o t a l  f i s h  y i e l d  from i n l a n d  w a t e r s  and 9 0 %  of s t u r g e o n  
y i e l d  i s  from t h e  Volga-Caspian b a s i n .  
The demarrd s t r u c t u r e  i n  t h i s  b a s i n  i s  h i g h l y  t ime-dependent.  
For t h i s  reason ,  it i s  very  convenien t  t o  b reak  a year  i n t o  t h r e e  
p a r t s :  s p r i n g  ( f l o o d - t i m e ) ,  n a v i g a t i o n  ( v e g e t a t i o n  s e a s o n ) ,  and 
w i n t e r  (normal wate r  s e a s o n ) .  During t h e  f l o o d  t i m e ,  r e l e a s e s  
i n t o  t h e  lower c o u r s e  o f  t h e  r i v e r ,  aimed t o  m e e t  t h e  demands 
of  a g r i c u l t u r e  and f i s h - b r e e d i n g ,  have t h e  g r e a t e s t  impact on 
t h e  o p e r a t i n g  regime. These r e l e a s e s  may happen t o  by-pass t h e  
hydropower p l a n t s  and may r e s u l t  i n  n o n - f i l l i n g  o f  t h e  r e s e r v o i r s  
by t h e  end of  t h e  f lood- t ime ,  which i n  t u r n  l e a d s  t o  h igh  economic 
l o s s e s .  During t h e  n a v i g a t i o n  p e r i o d ,  o p e r a t i n g  r u l e s  a r e  mainly 
d e f i n e d  by the i r r i g a t i o n  and t r a n s p o r t  needs.  I n  w i n t e r ,  t h e  
main t a r g e t  becomes energy produc t ion  and mee t ing  peak e l e c t r i c i t y  
demand. 
A guaran teed  supply  t o  t h e  energy  producing branches  of  t h e  
n a t i o n a l  economy a r e  c o n s i d e r e d  a s  g iven  when a n a l y z i n g  t h e  
o p e r a t i n g  c o n d i t i o n s .  They a r e  d e f i n e d  a s  a r e s u l t  of  a s p e c i a l  
a n a l y s i s ,  and remain cor i s tan t  f o r  a number of  y e a r s .  The s p r i n g  
f i s h  b r e e d i n g  r e l e a s e  is d e f i n e d  anew each  s p r i n g ,  u s u a l l y  on  
t i le  b a s i s  o f  e x p e r t  r e c t i m e n d a t i o n s  which t a k e  i n t o  account  t h e  
s p e c i f i c  c l i m a t i c  c o n d i t i o n s  d u r i n g  t h a t  y e a r  ( r a i n f a l l - r u n o f f  
f o r e c a s t s ,  energy  demands, e t c .  ) . Provided t h e  uniform deniana 
of  non-energy-prod,~cing branches  of  t h e  n a t i o n a l  economy is given ,  
t h e  o p t i m a l  o p e r a t i n g  r u l e  c u r v e s  f o r  t h e  c a s c a d e  of  r e s e r v o i r s  
a r e  found w i t h  t h e  use  of t h e  above mentioned "PK" codes .  Due 
t o  t h e  p r o b a b i l i s t i c  n a t u r e  of t h e  f o r e c a s t s ,  s u c c e s s i v e  c o r r e c -  
t i o n s  a r e  made d u r i n g  t h e  year .  
I n  c a l c u l a t i o n s  f o r  t h e  n e a r e s t  p e r i o d  o f  t i m e ,  a s t reamflow 
f o r e c a s t  is used, w h i l e  f o r  t h e  rest o f  t h e  y e a r ,  t h e  i n f o r m a t i o n  
i s  l i m i t e d  t o  t h e  c o n d i t i o n a l  e x p e c t a t i o n s  of  s t reamflow.  
To m e e t  t h e  guaran teed  demand o f  d i f f e r e n t  wa te r  u s e r s ,  t h e  
tr P K n  codes make s e p a r a t e  c a l c u l a t i o n s  f o r  low wate r  hydrographs 
o f  a c a l c u l a t e d  r e c u r r e n c e .  These c a l c u l a t i o n s  permi t  d e f i n i t i o n  
( a s  t h e  apper  enve lope)  of  t h e  c u r v e  of  t h e  minimum r e s e r v o i r  
wa te r  l e v e l ,  which cannot  b e  decreased ,  s o  a s  n o t  t o  f a i l  t o  
m e e t  t h e  guaran teed  demand i n  t h e  n e x t  p e r i o d .  
I n  p r a c t i c e ,  t h e  o p e r a t i n g  s e r v i c e  makes dozens  o f  c a l c u -  
l a t i o n s  d u r i n g  t h e  y e a r ,  u s i n g  t h e  "PK" codes ,  t o  ksep  system 
o p e r a t i o n  a t  t h e  o p t i m a l  l e v e l .  One o f  t h e  most complex prob- 
lems o f  cascade  c o n t r o l  is t h e  d i s t r i b u t i o n  o f  s c a r c e  w a t e r  
r e s o u r c e s  between u s e r s ,  i n  a  c o n f l i c t  s i t u a t i o n .  P h i s  problem 
may be s o l v e d  i n  two ways: 
- - on t h e  b a s i s  o f  l o s s  f u n c t i o n s  s o  a s  t o  minimize t h e  
sum of  l o s s e s ;  
- - on t h e  b a s i s  o f  g i v e n  p r i o r i t i e s .  
I n  t h e  former  c a s e ,  t h e  mos t  d i f f i c u l t  p a r t  o f  t h e  problem 
i s  t o  d e f i n e  t h e  l o s s  f u n c t i o n s  f o r  d i f f e r e n t  b ranches  of t h e  
n a t i o n a l  economy. For t h e  energy  p roduc ing  b ranches ,  t h e  l o s s  
f u n c t i o n  is d e f i n e d  w i t h  t h e  u s e  o f  t h e  r o u t i n e  "PK": t h i s  code 
e n a b l e s  c a l c u l a t i o n  o f  t h e  r e d u c t i o n  o f  HPS o u t p u t ,  i n  r e l a t i o n  
t o  g u a r a n t e e d  o u t p u t ,  and t h e n  w i t h  t h e  s p e c i f i c  i o s s e s  p e r  u n i t  
kwh known, t h e  t o t a l  l o s s e s  may be  d e f i n e d .  The l o s s e s  i n  o t h e r  
b ranches  o f  t h e  n a t i o n a l  economy a r e  d e f i n e d  by r e s p e c t i v e  e x p e r t s .  
The c l e a r  drawback of such a n  approach i s  t h a t  t h e  l o s s  f u n c t i o n s  
s o  d e f i n e d  a r e  r a t h e r  rough approx imat ions  o f  r e a l i t y .  
The problem of  w a t e r  d i s t r i b u t i o n  i n  a  c o n f l i c t  situation 
i s  now q u i t e  o f t e n  t r e a t e d  on t h e  b a s i s  o f  p r e s e t  p r i o r i t i e s .  
I n  such an approach,  matheinat ical  models o f  r e s e r v o i r  c o n t r o l  
a r e  used f o r  simulation purposes:  t h e y  h e l p  i d e n t i f y  o p e r a r i n g  
r u l e s  f o r  d i f f e r e n t  p r i o r i t i e s ,  when t h e r e  a r e  l i m i t a t i o n s  on 
supp ly .  A s u c c e s s f u l  a n a l y s i s  a l l o w s  t h e  d e c i s i o n  maker t o  
r e f i n e  t h e  p r i o r i t i e s .  
NARYN-SYRDARIA CASCADE 
The w a t e r  system b u i l t  w i t h i n  t h e  i i m i t s  o f  t h e  S y r d a r i a  
b a s i n  now c o v e r s  an a r e a  o f  0 . 4 5  m i l l i o n  km2 and e n s u r e s  h a l f  
t h e  i n d u s t r i a l  and a g r i c u l t a r a i  o u t p u r  of t h e  mid-Asian r e g i o n  
o f  t h e  USSR. 
The i n f r a s t r u c t u r e  and development of t h e  WS of t h e  S y r d a r i a  
b a s i n  i s  p r e d e f i n e d  mainly  by t h e  needs  o f  t h e  s i n g l e  major 
component o f  t h e  system, namely, by i r r i g a t e d  a g r i c u l t u r e .  For  
s e c u r i n g  a  s t a b l e  w a t e r  s u p p l y ,  a s  w e l l  a s  f o r  m e l i o r a t i o n  of 
i r r i g a t e d  l a n d ,  a b o u t  a  m i l l i o n  i r r i g a t i o n  c a n a l s  were b u i l t ,  
w i t h  a  t o t a l  l e n g t h  o f  o v e r  50,000 h. Together  w i t h  t h e  irri-  
g a t i o n  c a n a l s ,  t h e  w a t e r  systeni i n c l u d e s  a  dense  network o f  
d r a i n a g e  c a n a l s  w i t h  a  t o t a l  l e n g t h  o f  o v e r  30,000 km. To i m -  
prove t h e  w a t e r  supp ly  t o  t h e  i r r i g a t i o n  system i n  t h e  f l a t  a r e a s  
o f  t h e  b a s i n ,  n i n e  w a t e r - l e v e l - r a i s i n g  dams were b u i l t .  The need 
t o  s a t i s f y  t h e  growing demand d u r i n g  d r y  s e a s o n s  and y e a r s  h a s  
p r e d e f i n e d  t h e  n e c e s s i t y  t o  b u i l d  r e s e r v o i r s  f o r  r e g u l a t i n g  
s t reamf low o f  t h e  r i v e r  and i t s  t r i b u t a r i e s .  The e f f e c t i v e  
c a p a c i t y  o f  e i g h t  e x i s t i n g  r e s e r v o i r s  is  10.3 km3. Four a d d i t i o n a l  
r e s e r v o i r s  w i t h  a  t o t a l  c a p a d i t y  o f  23.1 km3 a r e  under  c o n s t r u c -  
t i o n .  The b i g g e s t  among t h e  e x i s t i n g  and planned r e s e r v o i r s  a r e  
t h e  Toktogu l ,  Charvak, Kairekkum and C h a r d a r i a  r e s e r v o i r s .  I n  
a d d i t i o n  t o  a g r i c u l t u r e ,  hydropower g e n e r a t i o n  i s  a n  i m p o r t a n t  
f a c t o r  i n  t h e  b a s i n .  
The g e n e r a l  f o r m u l a t i o n  o f  t h e  c o n t r o l  problem f o r  t h e  
S y r d a r i a  sys tem is a s  f o l l o w s :  f i n d  t h e  o p e r a t i n g  r u l e s  f o r  a l l  
t h e  w a t e r  p r o j e c t s  o f  t h e  system,  w i t h  t h e  u s e  o f  t h e  i n f o r m a t i o n  
o n  : 
-- s i t e s  and p e c u l i a r i t i e s  of t h e  a v a i l a b l e  w a t e r  r e s o u r c e s  
( i n c l u d i n g  r e t u r n  w a t e r )  i n  t h e  r e g u l a t i o n  zone; 
-- o p e r a t i n g  r u l e s  and w a t e r  demands o f  a g g r e g a t e d  w a t e r  
u s e r s  ; 
- - si tes  and working c h a r a c t e r i s t i c s  o f  a l l  w a t e r  p r o j e c t s .  
A s i m u l a t i o n  o f  t h e  sys tem shou ld  l a y  t h e  f o u n d a t i o n  f o r  
s o l v i n g  t h e  f o l l o w i n g  w a t e r  management problems: 
- - d e f i n i t i o n  o f  r e a s o n a b l e  limits t o  which w a t e r  r e s o u r c e s  
o f  t h e  b a s i n  c a n  be w e d ,  and c o n s e q u e n t l y ,  t h e  r e l i a b i l -  
i t y  o f  w a t e r  s u p p l y  f o r  s e p a r a t e  and a g g r e g a t e d  u s e r s  
and t h e  system a s  a  whole;  
-- d e f i n i t i o n  o f  t h e  c o n d i t i o n s  concern ing  e x t e r n a l  w a t e r  
r e s o u r c e  needs  a t  d i f f e r e n t  s t a g e s  o f  t h e  s y s t e m ' s  
development;  
- - c h o i c e  of r a t i o n a l  o p e r a t i o n  reg imes  f o r  t h e  r e s e r v o i r  
sys tem (bo th  w i t h  and w i t h o u t  i n t e r b a s i n  l i n k s ) ,  and 
t o  e s t i m a t e  t h e  p o s s i b l e  i n f l u e n c e  of t h e s e  regimes on 
t h e  p r o j e c t s  and env i ronmenta l  c o n d i t i o n s  i n  t h e  ad- 
j o i n i n g  t e r r i t o r i e s ;  
- - development o f  t h e  o p e r a t i n g  r u l e s  f o r  t h e  r e s e r v o i r  
c a s c a d e ,  a s  w e i l  a s  f o r  o t h e r  sys tem p r o j e c t s .  
The p l a n n i n g  of t h e  development o f  t h e  b a s i n ' s  w a t e r  r e s o u r c e s  
is now based on t h e  p r i n c i p l e  "bot tom f i r s t . "  A p l a n  is worked 
o u t  by a n a l y s i s  o f  i n d i v i d u a l  wa te r  u s e r s  and consumers,  whose 
demands a r e  t h e n  summed up w i t h i n  t h e  a d m i n i s t r a t i v e  r e g i o n s .  
Using t h i s  i n f o r m a t i o n ,  f o r e c a s t s ,  and a v a i l a b l e  d a t a  c o n c e r n i r g  
s t reamf low and c h a r a c t e r i s t i c s  of r e s e r v o i r  s i te  c o n d i t i o n s ,  t h e  
n e c e s s a r y  c a l c u i a t i o n s  a r e  t h e n  c a r r i e d  o u t .  I f  u s e r s '  demands 
can  be  m e t ,  t h e  r e s e r v o i r  o p e r a t i n g  r u l e s  a r e  t h e n  d e f i n e d  by 
d i s p a t c h e r  r u l e s .  
A l l  o p e r a t i o n a l  a l t e r n a t i v e s  f o r  t h e  S y r d a r i a  system r e s e r -  
v o i r s  a r e  checked through t h e  w a t e r  management c a l c u l a t i o n s .  The 
c h o i c e  o f  t h e  f i n a l  v a r i a n t  i s  made by e x p e r t s .  I f  w a t e r  is 
s c a r c e ,  t h e  planned s u p p l y  is c u t  down s o  a s  t o  b a l a n c e  t h e  r e a l  
s u p p l y  and demand. The p e r c e n t a g e  r e l i a b i l i t y  of w a t e r  supp ly  
is d e f i n e d  by e x p e r t s  on t h e  b a s i s  of e s t a b l i s h e d  s t a n d a r d s  and 
i n f o r m a t i o n  s u p p l i e d  by s p e c i a l  commit tees  e s p e c i a l l y  e s t a b l i s h e d  
f o r  t h e  f a i r  d i s t r i b u t i o n  o f  w a t e r .  
I n  h i g h  w a t e r  y e a r s ,  i f  t h e  danger  of l a n d  f l o o d i n g  is a c u t e ,  
d e c i s i o n s  a b o u t  f o r c i n g  t h e  r e s e r v o i r  l e v e l s ,  s p e c i a l  r e l e a s e s ,  
s p i l l o v e r  and o t h e r  f l o o d  ~ o n t r o l  measures  a r e  made. P lans  a r e  
u s u a l l y  made f o r  long  p e r i o d s  ( v e g e t a t i v e  and w i n t e r ,  subd iv ided  
i n t o  months ) ,  b u t  a l s o  f o r  p e r i o d s  from a  day t o  a  month. 
Development o f  i r r i g a t i o n  i n  t h e  b a s i n  and c o n s t r u c t i o n  o f  
new r e s e r v o i r s  w i t h  ca r ry -over  r e g u l a t i n g  c a p a b i l i t i e s  and power- 
f u l  hyaropower s t a t i o n s  c r e a t e s  new demands on t h e  methodology 
of d e f i n i n g  o p t i m a l  o p e r a t i n g  r u l e s  f o r  t h e  s y s t m .  T h i s  a l s o  
f o r c e s  a  l e n g t h e n i n g  o f  t h e  p l a n n i n g  h o r i z o n  and makes t h e  manage- 
ment problems much more compl ica ted .  
The s i m u l a t i o n  model f o r  t h e  S y r d a r i a  b a s i n ,  which i s  berng  
developed now, does  have t o  h e l p  s o l v e  w a t e r  management problems 
i n  t h e  b a s i n  under c o n s t a n t l y  v a r y i n g  c o n d i t i o n s .  
The f o l l o w i n g  p r i n c i p l e s  were chosen a s  a b a s i s  f o r  t h e  
system o f  s i m u l a t i o n  models. 
1.  Water a v a i l a b i l i t y  f o r  t h e  u s e r s  i n  low-water p e r i o d s  
may b e  r a i s e d  by p r e s e t t i n g  t h e  minimum l e v e l  o f  w a t e r  
s u p p l y  
2 .  The c u t  i n  w a t e r  supp ly  is f o r e c a s t e d  f o r  each  u s e r  i n  
accordarice w i t h . a  s p e c i a l  t a b l e .  T h i s  t a b l e  c o n t a i n s  
i n f o r m a t i o n  a b o u t  t h e  f e a s i b l e  l i m i t s  o f  w a t e r  supp ly .  
3 .  I n  l i m i t i n g  t h e  demands, u s e r s '  p r i o r i t i e s  a r e  t a k e n  
i n t o  accoun t ,  which a r e  p r e s e n t e d  i n  a t a b l e  where t h e  
u s e r s  a r e  l i s t e d  a c c o r d i n g  t o  t h e i r  importance.  
4 .  The e x c e s s  w a t e r  i s  ba lanced  o u t  among t h e  r e s e r v o i r s ,  
f i r s t  by t h e  n e a r e s t  one ,  and t h e n  o n e  by one ,  downstream. 
As soon a s  t h e  h i g h e s t  p e r m i s s i b l e  l e v e l  is a t t a i n e d ,  
t h e  remaining w a t e r  i s  d i s c h a r g e d  i n t o  t h e  A r a l  s e a .  
5 .  I n  hign-water y e a r s ,  i n  c a s e  t h e  darlger o f  f l o o d i n g  i s  
p r e s e n t ,  s p e c i a l  d e c i s i o n s  a b o u t  f o r c i n g  t h e  r e s e r v o i r  
l e v e l s ,  s . e c i a l  r e l e a s e s  and a d d i t i o n a l  s p i l l o v e r  capac- 
i t i e s  a r e  made. 
6 .  The d e f i c i t ,  i f  any,  i s  mec by r e l e a s e s  from t h e  n e a r e s t  
upst ream r e s e r v o i r  till i t s  w a t e r  l e v e l  a t t a i n s  t h e  
minimum l i m i t .  Next, w a t e r  i s  r e l e a s e d  from t h e  upstream 
r e s e r v o i r s .  I f  t h e s e  measures  f a i l ,  t h e  supp ly  is r e -  
duced i n  accordance  w i t h  t h e  u s e r s  ' 
7 .  F i l l i n g  a l l  t h e  r e s e r v o i r s  a t  t h e  end o f  t h e  l a s t  p e r i o d  
o f  a y e a r  s h o u l d  cor respond  t o  a p r e s e t  l e v e l  depending 
on t h e  c l i m a t i c  c o n d i t i o n s  p r e v a i l i n g  i n  a g i v e n  y e a r .  
The upstream r e s e r v o i r s  t a k e  p r i o r i t y  o v e r  t h e  o t h e r s .  
I f  t h e  p r e s e t  l e v e l s  a r e  u n a t t a i n a b l e ,  t h e  c o r r e c t i o n  
o f  t h e i r  f i n a l  l e v e l s  is inade w i t h  r e s p e c t  t o  t h e i r  
p r i o r i t i e s  and t h e  u s e r ' s  p r i o r i t y  t a b l e .  
Exper imental  runs  o f  t h i s  s i m u l a t i o n  model have a l lowed  
e s t i m a t e s  t o  be  made o f  t h e  r a l i a b i l i t y  o f  w a t e r  a v a i l a b i l i t y  
f o r  s e p a r a t e  and aggrega ted  w a t e r  u s e r s  a s  w e l i  a s  f o r  t h e  b a s i n  
system a s  a  whole.  They he lped  a l s o  t o  e v a l u a t e  t h e  e x t e n t  o f  
t h e  d e f i c i t  under d i f f e r e n t  c l i m a t i c  c o n d i t i o n s ,  and f o r  d i f f e r e n t  
s t a g e s  of t h e  s y s t e m ' s  development.  
THE DON WATER SYSTEM 
The Don w a t e r  system c o n s i s t s  o f  complex waterways and w a t e r  
p r o j e c t s  s u p p l y i n g  w a t e r  t o  v a r i o u s  u s e r s ,  mainly  f o r  i r r i g a t e d  
a g r i c u l t u r e  and p a s t u r e  i n u n d a t i o n ,  w a t e r  t r a n s p o r t ,  i n d u s t r i a l  
and urban u s e ,  f i s h e r y ,  energy p r o d u c t i o n  and t h e  maintenance of 
s a n i t a r y  f lows  i n  t h e  lower c o u r s e  o f  t h e  Don. 
The main w a t e r  p r o j e c t s  i n  t h e  system a r e  t h e  Tsymlyanskoe 
r e s e r v o i r ,  f o r  ca r ry -over  s t reamflow r e g u l a t i o n ,  and Nikolaev 
and Kochetov low-head dams, which m a i n t a i n  s u f f i c i e n t  l e v e l s  
f o r  n a v i g a t i o n  on  r h e  lower Don. Bes ides  t h a t ,  c o n s t r u c t i o n  o f  
t h e  Konstant inov low-head dam has  begun, and b u i l d i n g  o f  t h e  
Bogachev r e g u l a t o r  i s  planned.  These p r o j e c t s  w i l l  complete  
t h e  measures t aken  t o  improve t h e  t r a n s p o r t  c o n d i t i o n s  i n  t h e  
lower  Don. 
The c u r r e n t  wa te r  s i t u a t i o n  i n  t h e  Don b a s i n  is  d e f i n e d  
mainly  by t h e  growth of  w a t e r  dkmand a t  t h e  upper  and t h e  lower  
c o u r s e  of  t h e  Don, a s  w e l l  a s  by t h e  need t o  r e l e a s e  s u b s t a n t i a l  
amounts o f  s p r i n g  w a t e r  from t h e  Tsymlianskoye r e s e r v o i r .  T h i s  
c o n s i d e r a b l y  t i g h t e n s  t h e  o p e r a t i n g  c o n d i t i o n s  i n  t h e  system 
and r e q u i r e s  q u a l i t a t i v e  changes  i n  t h e  o p e r a t i n g  r u l e s  developed 
e a r l i e r .  A system o f  mathemat icai  models has  been developed 
t o  i n v e s t i g a t e  t h e  Tsymlianskoye r e s e r v o i r  c o n t r o l .  T h i s  a l l o w s  
s i m u l a t i o n  o f  t h e  long-term o p e r a t i o n  cjf t h e  WS and a n a l y s i s  o f  
d i f f e r e n t  o p e r a t i n g  r u l e s  under  v a r i o u s  c l i m a t i c  c o n d i t i o n s .  
T h i s  ne thoda logy  was used b o t h  f o r  a n a l y s i s  o f  t h e  t r a d i t i o n -  
a l l y  adopted d i s p a t c h e r  r u l e s  and f o r  development o f  s p e c i a l  
o p e r a t i n g  r u l e s  f o r  s p r i n g  f i s h e r y  p a s s e s  from t h e  Tsymlianskoe 
r e s e r v o i r  u s i n g  t h e  h y d r o l o g i c a l  f o r e c a s t  o f  t h e  s p r i n g  in f low 
c a p a c i t y ,  made 2-5 months beforehand.  The r e s u l t s  o b t a i n e d  were 
ana lyzed  from t h e  p o i n t  o f  view o f  t h e  USSR i n d e x e s  o f  wa te r  
s u p p l y  r e l i a b i l i t y  concern ing  d i f f e r e n t  w a t e r  u s e  c a t e g o r i e s ,  
and judged by t h e  e f f i c i e n c y  c r i t e r i a  o f  t h e  r u n o f f  use.  These 
r e s u l t s  a l lowed  d e c i s i o n s  t o  b e  made b o t h  i n  an  e x p e r t  way and 
by u s i n g  l o s s  f u n c t i o n s  d e r i v e d  on t h e  b a s i s  o f  d i f f e r e n t  hypoth- 
e s e s  a g a i n s t  t h e  s h o r t a g e  o f  w a t e r  i n  d i f f e r e n t  components o f  
t h e  WS. The s i m u l a t i o n  model o f  t h e  Don WS was used f o r  more 
a c c u r a t e  d e f i n i t i o n  o f  o p e r a t i n g  r u l e s  o f  t h e  Tsymlianskoye 
r e s e r v o i r .  Bes ides  t h a t ,  t h e  model made p o s s i b l e  a  l a r g e  r a n g e  
o f  i n v e s t i g a t i o n s  on d i f f e r e n t  w a t e r  s y s t e m s '  o p e r a t i o n a l  
a s p e c t s ,  such a s :  
1 .  Ques t ions  o f  r e l i a b i l i t y  o f  w a t e r  s u p p l y  t o  d i f f e r e n t  
w a t e r  u s e r s  under v a r i o u s  o p e r a t i n q  r u l e s .  
2. D i s p a t c h e r ' s  o p e r a t i n g  a n a l y s i s ,  methodology o f  
p r e p a r i n g  t h e  d i s p a t c h e r  r u l e s ;  impact o f  t h e  l o c a t i o n  
o f  c o n t r o l l e r ' s  l i n e s  on t h e  l e v e l  and t i m e  o f  w a t e r  
s h o r t a g e ;  c a l c u l a t i o n  o f  t h e  impact  o f  wa te r  supp ly  
r e g u l a r i t y  on t h e  d i s p a t c h e r  r u l e s .  
3 .  The a n a l y s i s  o f  p e r m i s s i b l e  r e l a t i o n s h i p s  between t h e  
g u a r a n t e e d  w a t e r  s u p p l y  p rov ided  and t h e  d e q r e e  o f  
r u n o f f  use  under  t h e  c o n d i t i o n s  o f  complex w a t e r  
r e s o u r c e s  use .  
4 .  E s t a b l i s h  l e n t  o f  t h e  i n i t i a l  d a t a  f o r  compara t ive  
a n a l y s i s  o f  such methods o f  management a s  d i s p a t c h e r  
r u l e s ,  s u c c e s s i v e  c o r r e c t i o n s ,  and t a b l e  o f  p r i o r i t y .  
5.  Def in ing  t h e  p e r m i s s i b l e  degree  o f  s p e c i f y i n g  con- 
c r e t e l y  t h e  o p e r a t i n g  r u l e s  when s o l v i n g  t h e  t a s k s  o f  
WS a t  d i f f e r e n t  l e v e l s .  
A n a l y s i s  o f  t h e  above-mentioned q u e s t i o n s  and t h e  improve- 
ment o f  s i m u l a t i o n  models a r e  s u b j e c t  t o  f u r t h e r  i n v e s t i g a t i o n .  
CONCLUSIONS 
The development o f  r e s e r v o i r  c a s c a d e s  i s  c h a r a c t e r i z e d  now 
by t h e  complex i ty  o f  r e l a t i o n s h i p s  between a  w a t e r  r e s o u r c e s  
system,  i t s  environment and v a r i o u s  b ranches  o f  t h e  economy, 
by t h e  c o n t r a d i c t o r y  c h a r a c t e r  of d i f f e r e n t  w a t e r  u s e r s '  i n t e r e s t s ,  
and by t h e  d i f f i c u l t y  encounte red  i n  e x p r e s s i n g  t h e s e  i n t e r e s t s  
i n  t e rms  of one  c r i t e r i o n .  
The problems c o n c e r n i n g  o p e r a t i o n  o f  s u c h  r e s e r v o i r  c a s c a d e s  
can  b e  s o l v e d  t o  a  l a r g e  e x t e n t  by u s i n g  t h e  s y s t e m  o f  s i m u l a t i o n  
models  which  w i l l  p e r m i t  e v a l u a t i o n  o f  t h e  r e a c t i o n  o f  t h e  w a t e r  
s y s t e m  t o  t h e  change  o f  i t s  i n p u t  c h a r a c t e r i s t i c s .  I n  t h i s  way, 
a  v a s t  amount o f  i n f o r m a t i o n  a b o u t  t h e  way t h e  sys t em f u n c t i o n s  
unde r  d i f f e r e n t  c o n d i t i o n s  c a n  b e  d e r i v e d  f o r  a n a l y s i s  and 
dec i s ion -mak ing .  
The impac t  o f  t h e  u s e  o f  t h e  s i m u l a t i o n  models  t o  a  q r e a t  
e x t e n t  depends  o n  t h e  a v a i l a b l e  i n f o r m a t i o n  o n  t h e  s i z e  and 
c h a r a c t e r i s t i c s  o f  t h e  c a s c a d e ,  a b o u t  w a t e r  r e s o u r c e s ,  w a t e r  
u s e  and  economic i n f o r m a t i o n  d e f i n i n g  t h e  r u l e s  o f  c a s c a d e  
o p e r a t i o n .  Accuracy and  t h e  t y p e  o f  i n f o r m a t i o n  depend on  s u c h  
f a c t o r s  a s  t h e  s t a g e  o f  t h e  o p e r a t i o n a l  t a s k  d e c i s i o n ,  d e p t h  o f  
r u n o f f  r e g u l a t i o n ,  s t r u c t u r e  o f  t h e  w a t e r  sys t em,  e tc .  
Water s y s t e m s  b e l o n g  t o  t h e  c l a s s  o f  l a r g e  s y s t e m s  w i t h  
p a r t l y  u n d e f i n e d  and  p r o b a b i l i s t i c  i n f o r m a t i o n .  S p e c i f y i n g  
t h e  s i z e  a n d  o p e r a t i o n a l  r eg ime  o f  such  s y s t e m s  r e l a t e s  t o  t h e  
c l a s s  o f  two-s t ep  s t o c h a s t i c  o p t i m i z a t i o n  t a s k s .  Taking i n t o  
a c c o u n t  t h e  m u l t i p u r p o s e  c h a r a c t e r  o f  w a t e r  s y s t e m s ,  t h e  v e c t o r -  
f u n c t i o n  s t a n d s  f o r  a n  o p t i m a l  c r i t e r i o n .  Examples o f  t h e  u s e  
o f  s i m u l a t i o n  models  p r e s e n t e d  i n  t h i s  p a p e r  i l l u s t r a t e  t h e  
a p p l i c a t i o n  o f  t h e  s y s t e m s  approach  t o  w a t e r  management problems.  
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1 .  MULTIPURPOSE RESERVOIS 
Most reservoirs, in particular the large ones, have multi- 
purpose functions. The various uses of reservoirs may be grouped 
under the following categories: 
a. Water supply: - municipal (drinking water etc.) 
- agricultural (water for irrigation) 
- industrial (water for production, for 
cooling etc. ) 
b. Flood control: flood flow retention in order to pre- 
vent inundation 
c. Energy production (hydroelectric power) 
d. Flow augmentation, in particular during low flow periods, 
to guarantee in the downstream river section: 
- the required minimum flow, 
- sufficient water quality (considering the unavoidable 
wastewater releases into the river) 
e. Recreation, fishing etc. 
2. GENERAL PROBLEMS IN RESERVOIR OPERATION 
According to the increasing water demand and to the growing 
amount of waste water, the reservoir functions mentioned above 
under (a) and (d) have become increasingly important. They are 
characterized by a typical seasonal variation with a remarkable 
demand peak in dry and hot summer periods when the natural water 
yield is generally low. 
During such periods, the users try to satisfy their increased 
demand from the reservoirs. Therefore, the responsible water 
authorities are interested in storing as much water as possible 
during periods of increased flow, in particular during flood 
periods. This leads to the following principal problem in re- 
servoir operation: 
- the desire to reduce the flood control volume of the 
reservoir in favor of increased water storage for 
low flow periods (problem of reservoir space allocation). 
The other general p:oblem is: 
- to find an optimum or at least reasonable strategy for 
the distribution of reservoir water among the dif- 
ferent water uses to be supplied (allocation of reservoir 
releases). 
3 .  MODEL SYSTEMS FOR REAL-TIME CONTROL AND LONG-TERM SIMULATION 
The solution of both problems is more critical the higher 
the water demand is in comparison with the available water re- 
sources. Under such conditions it is necessary: 
1. to design and install an efficient real-time fore- 
casting and control system in the river basin which 
enables the responsible water authority to control the 
reservoir releases of a predetermined "optimum" long- 
term control strategy, and 
2. to simulate the "natural" flow regime of the river basin 
over long periods as accurately as possible and to derive 
a control strategy which provides an optimum long-term 
water supply for all important users. 
In the GDR, for the solution of these tasks comprehensive systems 
of mathematical models and computer programs have been developed 
and applied. In keeping with ( 1 )  and (2) they are denoted as: 
a. real-time forecasting and control models, and 
b. long-term simulation models. 
Both model systems have become important tools in the manage- 
ment of water resources systems (WRS), especially of those with 
reservoirs. Their basic structure is the same as represented 
schematically in Figure 1. Main differences are: 
- the real-time model (1) is coupled with an operational 
data sampling and transmission system (see Figure 2) and 
the computation time increments are adequate to the pro- 
cesses (one or some hours) 
- the long-term simulation model (2) requires greater com- 
putation time increments (usually one month) and accor- 
dingly simplified versions of some submodels of the WRS. 
Further information is given in Becker (1977, 1978), and Lauterbach 
and Becker (1977) . 
4. OPTIMUM REAL-TIME RESERVOIR CONTROL 
Main functions of the real-time control model are (with 
regard to reservoirs) : 
A v a ~ l o b l e  W a t e ~  R e s o u ~ c e s  
(Hydrologrcol and Water Quolity ~onditions) 
(A )  Reol- tune Assessment and Fo~ecosting 
(13) Long - term Prediction (Simulofron) 
(0) Planning and Mano- 
gemenf Alle~lrolives 1- 
Water Demond 
(A) Reol - t ime Demond 
(8) Prognost ic Demand 
I Bolonce ond Evoluotion I 
( A )  Re01 - t ime  
(8 1 Long - term 
Opfimizotion of 
( A )  Real-tirne Control 
(5) - Long -ferm Management 
- Planning o f  ~ e w  Ele - 
ments 
of o Wafer Resou~ces Syslems 
I 
(alter note technologies 
of  wafer use) 
Figure 1 .  blain parts  o f  a WRS model and d e c i s i o n  a l t e r n a t i v e s  with s p e c i a l  regard t o  
operational  contro l  ( A )  and long-term management (B) . 















































































































































































































































































